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ABSTRACT

Purpose: The aim of this study was to evaluate the influence of different cone-beam computed tomography (CBCT)
acquisition protocols on reducing the effective radiation dose while maintaining image quality.

Materials and Methods: The effective dose emitted by a CBCT device was calculated using thermoluminescent
dosimeters placed in a Rando Alderson phantom. Image quality was assessed by 3 experienced evaluators. The relation-
ship between image quality and confidence was evaluated using the Fisher exact test, and the agreement among raters
was assessed using the kappa test. Multiple linear regression analysis was performed to investigate whether the technical
parameters could predict the effective dose. P-values <0.05 were considered to indicate statistical significance.
Results: The optimized protocol (3 mA, 99 kVp, and 450 projection images) demonstrated good image quality and
a lower effective dose for radiation-sensitive organs. Image quality and confidence had consistent values for all
structures (P <0.05). Multiple linear regression analysis resulted in a statistically significant model. The milliamperage
(b=0.504; t=3.406; P=0.027), kilovoltage peak (b=0.589; t=3.979; P=0.016) and number of projection images
(b=0.557; t=3.762; P=0.020) were predictors of the effective dose.

Conclusion: Optimized CBCT acquisition protocols can significantly reduce the effective radiation dose while
maintaining acceptable image quality by adjusting the milliamperage and projection images. (Imaging Sci Dent 2024;

54: 159-69)
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Introduction

Despite the broad range of applications of cone-beam com-
puted tomography (CBCT), this imaging modality carries a
risk of stochastic effects due to its association with ionizing
radiation, which results in a higher radiation dose compared
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to 2-dimensional (2D) imaging. The effects of CBCT on
human patients, including the threshold for harmful effects,
remain uncertain.' Thus, there is a consensus that CBCT
should only be prescribed when there are clear indications of
its superiority over lower-dose radiographic exams.'

A better-quality image is achieved when the technical para-
meters of the unit are set to a high-resolution mode, which
is often correlated with higher dose values.” However, this
could unnecessarily expose patients to higher radiation,
posing a potential risk of cancer, particularly in children,
who are more vulnerable to radiation.’ Therefore, according
to Jaju and Jaju (2015),? the rational use of CBCT should
involve obtaining acceptable quality images for diagnostic
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purposes with the lowest possible dose, referred to as “as
low as diagnostically acceptable [ALADA]” in their paper.

Several CBCT exposure parameters directly influence the
effective dose, such as exposure time, field of view (FOV)
diameter, FOV height, kilovoltage, milliamperage, voxel
size, and spatial resolution : Depending on the indication for
CBCT, appropriate technical parameters should be selected to
obtain a diagnostically acceptable and interpretable imalge.2
However, optimizing the relationship between radiation dose
and image quality is not a simple task, given the variety of
parameters involved in the acquisition of CBCT images.4

Many studies have evaluated the radiation dose of CBCT
under different parameters, but there is still a scarcity of
studies investigating the optimization of different technical
parameters to balance high image quality with lower doses.
Thus, there is a need for further investigation of the dosi-
metric parameters of CBCT and their impact on image qual-
ity. Therefore, the aim of this study was to evaluate the influ-
ence of different CBCT acquisition protocols, with varying
milliamperage, kilovoltage peak, and number of projection
images, on the reduction of the effective radiation dose while
maintaining image quality.

Materials and Methods

This study received approval from the Institutional Rev-
iew Board (reference number: 45102721.8.0000.5083).

Assessment of CBCT radiation exposure

In this experimental study, an anthropomorphic Alder-
son RANDO Phantom (ART-200, RSD Phantoms, Long
Beach, CA, USA) and 152 calibrated dosimeters (3 mm X 3
mm X 1 mm - titanium magnesium-doped lithium fluoride
thermoluminescent dosimeters (TLDs); TLD 200; Harshaw,
Solon, OH, USA) were utilized to evaluate the radiation dose

emitted by a CBCT Picasso Trio device (Vatech, Hwaseong,
South Korea) employing 8 different protocols with varying
milliamperage, kilovoltage peak, and number of projection
images, as outlined in Table 1.

The selected phantom represents the average anatomical
characteristics of an adult male (1.75 m tall and 73 kg) and
is divided into 9 slices with a thickness of 2.5 cm. The phan-
tom contains multiple 5-mm-diameter holes, allowing the
placement of dosimeters to measure the radiation dose in dif-
ferent regions of the head and neck. The positioning of the
phantom closely mimicked the conditions experienced by a
patient during a CBCT scan (Fig. 1). Subsequently, for each
of the 8 acquisition protocols, 19 TLDs were uniformly posi-
tioned in different regions of the phantom to represent vari-
ous radiosensitive organs (Fig. 2 and Table 2).>” To account
for potential variations in the X-ray energy produced during
a single CBCT exposure, 5 repeated exposures were per-
formed for each protocol. This approach considered the do-

Fig. 1. Alderson Rando anthropomorphic phantom (model ART-
200, RSD Phantoms, Long Beach, CA, USA).

Table 1. Image acquisition protocols used with the Picasso Trio device (Vatech, Hwaseong, Korea) without metal artifact reduction

Protocol Field of view Voxel Milliamperage Kilovoltage peak Nur.nbe.r of
(cm) (mA) (kVp) projection images
1 12x8.5 0.2 3 80 450
2 12x8.5 0.2 5 80 450
3 12%x8.5 0.2 3 80 720
4 12x8.5 0.2 5 80 720
5 12x8.5 0.2 3 99 450
6 12x8.5 0.2 5 99 450
7 12x8.5 0.2 3 99 720
8 12x8.5 0.2 5 99 720
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Fig. 2. Distribution of the 9 anatomical slices in the Alderson
Rando phantom. Each level corresponds to the site of dosimeter
insertion, as described in Table 2.

Table 2. Location of thermoluminescent dosimeters (TLDs) in the
different sites and levels of the phantom

Organ Site Level

Bone marrow Anterior calvarium
Posterior calvarium
Central branch (right)
Central branch (left)

Right ramus

Cervical spine

Left ramus
Right body
Left body
Brain Middle brain
Center of brain

Mandible

Eyes Right lens
Left lens

Salivary glands Right parotid gland

Left parotid gland

Right submandibular gland

Left submandibular gland

[ N e N N B, Y, B S A S IR N BN o) Wi N e) Wi e N (O RN (9]

Right sublingual gland
Left sublingual gland
Thyroid Middle thyroid
Skin Left nape
Right cheek

simeters’ sensitivity and aimed to obtain a reliable measure-
ment of the radiation dose. The average of the 5 exposures
was used to determine the radiation dose value. Background
radiation measurements were obtained by fixing 3 TLDs to
the external wall of the acquisition room. After exposure,

Ananda Amaral Santos et al

Table 3. Fraction of irradiated tissue (%) for calculating the ab-
sorbed dose

Organ Irradiated fraction (%)
Bone marrow 16.5 (weighted in)
Mandible 1.3
Calvarium 11.8
Cervical spine 34
Thyroid 100
Skin 5
Bone surface 16.5 (weighted in)
Mandible 1.3
Calvarium 11.8
Cervical spine 34
Salivary glands 100 (weighted in)
Parotid 100
Submandibular 100
Sublingual 100
Brain 100
Remaining
Lymph nodes 5
Muscle 5
Extrathoracic airways 100
Oral mucosa 100

the TLDs were analyzed using a Harshaw TLD Model 3500
reader (Thermo Scientific, Waltham, MA, USA).

The equivalent and effective doses for each organ were
calculated using the following formula: HT =WR X Z fi X
DTi, where “WR” represents the radiation weighting factor
(X-rays have a weighting factor of 1), “fi” denotes the frac-
tion irradiated (Table 3), and “DTi” represents the average
absorbed dose of tissue T in the corresponding slice. The
effective dose was then determined using the formula: E=
WT X HT, where “E” is the product of the “WT” (the tissue
weighting factor) and “HT” (the human-equivalent dose for
the tissue). The tissue weighting factor indicates the relative
contribution of each tissue or organ to the overall risk. The
dose measurements were expressed in microsieverts (USv).

Image quality evaluation

Three calibrated experts in oral radiology, with different
levels of experience in CBCT (3, 10, and 15 years, respec-
tively), examined the CBCT DICOM volumes obtained from
the 8 protocols in the axial, coronal, and sagittal planes using
CS 3D Imaging Software version 3.1.9 (Carestream Health,
Rochester, NY, USA). The experts analyzed predetermined
anatomical structures, assessed their confidence in identify-
ing these structures, and documented their subjective im-
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pression of the image quality, using the following classifica-
tion: structure — 0) not identifiable, 1) partially identifiable,
or 2) identifiable; quality — 1) excellent, 2) good, 3) accept-
able, 4) poor, or 5) very poor; confidence — 1) not confident,
2) slightly confident, 3) confident, 4) very confident, or 5)
extremely confident.

The following 12 anatomical structures were evaluated:
the maxillary sinus, nasal cavity, incisive foramen, enamel,
dentin, root canal, trabecular bone, lamina dura, periodontal
ligament, alveolar crest, mental foramen, and mandibular
canal. The examiners were blinded to the protocols and were
allowed to adjust the brightness, contrast, and gray levels
for better visualization of anatomical structures.

After a 15-day interval, 30% of the images were reasses-
sed to analyze inter- and intra-observer reproducibility.

Statistical analysis

Statistical analysis was conducted using SPSS version 24.0
(IBM Corp., Armonk, NY, USA). The relationship between
image quality and confidence rated by evaluators 1,2, and 3
was assessed using the Fisher exact test. The agreement
among raters 1,2, and 3 was evaluated using the kappa test.
Multiple linear regression analysis was performed to investi-
gate whether the milliamperage, kilovoltage peak, and num-
ber of projection images could predict the effective dose. P-
values <0.05 were considered to indicate statistical signifi-
cance.

Results

The effective dose values for each organ using different
acquisition protocols are presented in Table 4. The calcu-

lation of the effective dose followed the recommendations
of the International Commission on Radiological Protec-
tion (ICRP Publication 103, 2007).* When comparing the
8 protocols tested in this study, the parameter that obtained
the lowest effective radiation dose (224 uSv) was proto-
col 1 (3 mA; 80 kVp; 450 projection images), which used
the lowest values of milliamperage, kilovoltage peak, and
projection images. The protocol that obtained the highest
effective radiation dose (909 puSv) was protocol 8 (5 mA;
99 kVp; 720 projection images), which used the maximum
values of the acquisition parameters.

The experts faced no difficulty in identifying anatomical
structures, even when the image quality was categorized
as “very poor” (Table 5). An examination of the relation-
ship between image quality and confidence, as perceived
by evaluators 1, 2, and 3, revealed consistent values for all
12 analyzed structures (P <0.05). However, discrepancies
in the assessment of image quality were noted for the ena-
mel (Expert 1 vs. Expert 2), trabecular bone (Expert 1 vs.
Expert 2, Expert 2 vs. Expert 3), hard palate (Expert 1 vs.
Expert 2), (Expert 2 vs. Expert 3), periodontal ligament
(Expert 1 vs. Expert 2), (Expert 2 vs. Expert 3), and alveolar
crest (Expert 1 vs. Expert 2), (Expert 2 vs. Expert 3) (Tables
6 and 7). The intra-observer agreement is presented in Table
8. These findings indicate no discernible effects on the exp-
erts” confidence in the identification of anatomical struc-
tures.

Multiple linear regression was used to determine whether
the milliamperage, kilovoltage peak, and projection images
could predict the effective dose. The analysis resulted in a stati-
stically significant model [F (3,4)=13.862; P=0.014, R’=
0.912]. The milliamperage (b =0.504; t=3.406; P=0.027),

Table 4. Calculation of effective dose (uSv) following International Commission on Radiological Protection (ICRP, 2007) for different or-

gans according to the protocols

Organ Weighting factor P1 P2 P3 P4 P5 P6 P7 P8
Bone marrow 0.12 20 31 32 45 34 52 53 79
Thyroid 0.04 18 25 24 39 23 40 40 71
Skin 0.01 2 3 3 4 3 5 5 8
Bone surface 0.01 6 9 10 14 8 12 13 19
Salivary glands 0.01 110 165 189 249 182 264 265 450
Brain 0.01 4 6 6 8 7 10 11 19
Remaining
Lymph nodes 0.12 19 29 32 43 32 46 46 77
Muscle 0.12 19 29 32 43 32 46 46 77
Extrathoracic airways 0.12 376 579 642 862 636 925 928 1538
Oral mucosa 0.12 422 649 722 964 712 1027 1030 1732
Total 224 338 375 506 366 540 544 909
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Table 5. Experts’ proficiency in identifying predetermined anatomical structures and their subjective evaluations of image quality and con-

fidence*

Effective
expert 3 dose

Confidence

Confidence
expert 2

expert 1

Quality Confidence

expert 2 expert 3

Quality
expert 1

expert 2 expert 3

Identification Identification Identification Quality
expert 1

Protocol

224
338
375
506
366
540
544
909

P1

Maxillary

sinus

P2

P3

P4

P5

P6

P7

P8

224
338
375
506
366
540
544
909

P1

Nasal

cavity

P2

P3

P4

P5

P6

P7

P8

224
338
375
506
366
540
544
909

P1

Incisive

P2

foramen

P3

P4

P5

P6

P7

P8

224
338
375
506
366
540
544
909

P1

Enamel

P2

P3

P4

P5

P6

P7

P8

224
338
375
506
366
540
544
909

P1

Dentin

P2

P3

P4

P5

P6

P7

P8

224
338
375
506
366
540
544
909

P1

Root canal

P2

P3

P4

P5

P6

P7

P8
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Table 5. Continued

Protocol

Identification Identification Identification Quality

Quality Quality Confidence Confidence Confidence Effective

expert 1 expert 2 expert 3 expert 1 expert2 expert3  expert 1 expert 2 expert 3 dose

Trabecular P1 3 3 3 4 3 5 4 5 5 224

bone P2 3 3 3 4 3 5 5 5 5 338

P3 3 3 3 4 3 5 4 3 5 375

P4 3 3 3 4 2 5 4 3 5 506

P5 3 3 3 4 2 5 4 4 5 366

P6 3 3 3 4 2 5 4 3 5 540

P7 3 3 3 4 3 5 5 4 5 544

P8 3 3 3 4 3 5 4 4 5 909

Periontal P1 3 1 2 3 1 3 3 3 4 224

ligament/ P2 3 2 2 4 2 3 4 3 4 338
lamina dura

P3 3 2 1 4 2 2 4 3 4 375

P4 3 1 1 3 1 3 4 3 4 506

P5 3 1 1 4 1 2 4 3 4 366

P6 2 1 1 2 1 2 3 3 4 540

P7 2 1 2 3 2 2 3 3 4 544

P8 2 2 2 3 2 2 3 3 4 909

Alveolar Pl 3 2 3 4 2 5 4 3 5 224

crest P2 3 2 3 4 2 5 4 3 5 338

P3 3 3 3 4 2 5 4 3 5 375

P4 3 3 3 4 2 5 4 3 5 506

P5 3 3 3 4 2 5 4 3 5 366

P6 3 3 3 4 2 5 4 3 5 540

P7 3 3 3 4 2 5 4 3 5 544

P8 3 3 3 4 2 5 4 3 5 909

Mental P1 3 3 3 4 4 3 4 5 5 224

foramen P2 3 3 3 4 3 4 5 5 5 338

P3 3 3 3 4 4 5 5 5 5 375

P4 3 3 3 5 3 5 5 5 5 506

P5 3 3 3 4 3 5 5 4 5 366

P6 3 3 3 4 3 5 5 4 5 540

P7 3 3 3 4 3 5 5 4 5 544

P8 3 3 3 4 3 5 5 4 5 909

Mandibular Pl 3 3 3 4 3 5 5 5 5 224

canal P2 3 3 3 4 4 5 5 5 5 338

P3 3 3 3 4 4 5 5 5 5 375

P4 3 3 3 5 4 5 5 5 5 506

P5 3 3 3 4 3 5 5 4 5 366

P6 3 3 3 4 3 5 5 4 5 540

P7 3 3 3 4 3 5 5 4 5 544

P8 3 3 3 4 3 5 5 4 5 909

Identification — O: not identifiable, 1: partially identifiable, 2: identifiable; quality — 1: excellent, 2: good, 3: acceptable, 4: poor, 5: very poor; confidence — 1: not confident, 2: slightly

confident, 3: confident, 4: very confident, 5: extremely confident

kilovoltage peak (b=0.589; t=3.979; P=0.016), and num-
ber of projection images (b=0.557; t=3.762; P =0.020)
were predictors of the effective dose. The multiple linear re-
gression analysis yielded the equation y = —1,464.54 + 98
(milliamperage) + 12.05 (kilovoltage peak) +0.802 (projec-

tion images). All these analyses were supported by the cor-
relation between the technical image acquisition parameters
of each protocol and the effective dose in specific organs,
as well as the total effective dose, as presented in Table 9.
Protocol 5, characterized by one of the lowest total effec-
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Table 6. Kappa agreement analysis of evaluators 1,2, and 3 regard-
ing image quality (P <0.05)

Ananda Amaral Santos et al

Table 7. Kappa agreement analysis of the evaluators’ confidence
in various structures (P <0.05)

Image quality Agreement between Kappa (k) Structures Agreement between Kappa (k)
Maxillary sinus Evaluator 1 - Evaluator 2 1.000 Maxillary sinus Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 1.000 Evaluator 2 - Evaluator 3 1.000
Nasal cavity Evaluator 1 - Evaluator 2 1.000 Nasal cavity Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 0.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 0.000 Evaluator 2 - Evaluator 3 1.000
Incisive foramen Evaluator 1 - Evaluator 2 1.000 Incisive foramen Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 1.000 Evaluator 2 - Evaluator 3 1.000
Enamel Evaluator 1 - Evaluator 2 0.000 Enamel Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 1.000 Evaluator 2 - Evaluator 3 1.000
Dentin Evaluator 1 - Evaluator 2 1.000 Dentin Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 1.000 Evaluator 2 - Evaluator 3 1.000
Root canal Evaluator 1 - Evaluator 2 1.000 Root canal Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 1.000 Evaluator 2 - Evaluator 3 1.000
Trabecular bone Evaluator 1 - Evaluator 2 0.000 Trabecular bone Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 0.000 Evaluator 2 - Evaluator 3 1.000
Hard palate Evaluator 1 - Evaluator 2 0.000 Hard palate Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 0.158 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 0.000 Evaluator 2 - Evaluator 3 1.000
Periodontal ligament Evaluator 1 - Evaluator 2 0.000 Periodontal ligament Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 0.000 Evaluator 2 - Evaluator 3 1.000
Alveolar crest Evaluator 1 - Evaluator 2 0.000 Alveolar crest Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 0.000 Evaluator 2 - Evaluator 3 1.000
Mental foramen Evaluator 1 - Evaluator 2 1.000 Mental foramen Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 1.000 Evaluator 2 - Evaluator 3 1.000
Mandibular canal Evaluator 1 - Evaluator 2 1.000 Mandibular canal Evaluator 1 - Evaluator 2 1.000
Evaluator 1 - Evaluator 3 1.000 Evaluator 1 - Evaluator 3 1.000
Evaluator 2 - Evaluator 3 1.000 Evaluator 2 - Evaluator 3 1.000

tive dose values (366 uSv) and diminished values in critical
organs such as the bone marrow and thyroid, demonstrated
a reduction ranging from —34.6% to —67.6% in sensitive
organs compared to high-resolution protocols (protocols 6, 7,
and 8). Notably, the adjustment of kilovoltage peak and the
reduction of milliamperage (protocols 4 vs. 5) yielded diag-
nostically acceptable images, as evidenced by nearly a 48%
reduction in the effective dose.

It is noteworthy that all 8 protocols yielded acceptable
image quality (Fig. 3). Protocol 5 (3 mA; 99 kVp; 450 pro-

Table 8. Intraobserver kappa agreement analysis regarding image
quality and confidence in various structures

Evaluator 1 Evaluator 2 Evaluator 3

—0.452 0.485
—0.658 0.732

0.592
—0.116

Image quality
Confidence

jection images) emerged as the optimized protocol for the
evaluated structures. It exhibited commendable image qual-
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Table 9. Relationship between milliamperage, kilovoltage peak, the number of projection images, and effective dose

Total
effective
dose (USv)

Extrathoracic ~ Oral
airways mucosa

Brain Lymph Muscle
nodes

Salivary
glands

Bone
surface

Bone o 0id Skin

images (no.) marrow

Projection
peak (kVp)

Voxel Milliamperage Kilovoltage
(mA)

view (cm)  size

Field of

Protocol

224
338
375
506
366
540

422
649

376
579
642
862
636
925
928
1538

19
29
32
43

19
29
32
43

110

18
25

20
31

450
450
720
720
450
450
720
720

80
80
80
80
99
99
99
99

0.2

12x8.5

1
2
3
4
5

165
189
249

0.2

12%8.5

722
964
712
1027
1030
1732

10
14

24
39
23

32
45

0.2

12x8.5

0.2

12x8.5

32
46

32
46

182
264
265
450

34
52
53
79

02

12x8.5

10
11

19

12
13
19

40
40
71

6 12x8.5 0.2

7
8

544
909

46

46

0.2

12x8.5

77

77

02

12x8.5

ity assessment scores across all evaluators (P <0.05) and
relatively low effective dose values for radiation-sensitive
organs, all while maintaining acquisition parameters at the
lowest feasible levels.

Discussion

This investigation identified an optimized image acqui-
sition protocol by using lower milliamperage values and
fewer projection images, along with compensatory increas-
es in kilovoltage peak. To achieve this, a CBCT device was
employed that allows the operator to choose the parameters
independently. While this might initially appear to limit
the generalizability of the results, it proved indispensable
for understanding the nuanced behavior of each parameter
under investigation. These parameter adjustments made it
possible to achieve good image quality while significantly
reducing the effective radiation dose to the sensitive head
and neck organs. When compared to similar protocols
with higher milliamperage values (protocol 6) and higher
number of projection images (protocol 7), the optimized
protocol resulted in a 47% and 48% decrease in the effec-
tive dose, respectively. Importantly, the optimized proto-
col maintained the same level of concordance and confi-
dence among evaluators as high-radiation dose protocols
(P<0.05), suggesting that the acquired image quality is
acceptable.

The potential molecular effects of CBCT radiation are
uncertain, and no specific threshold has been established.
Therefore, optimizing the radiation dose in CBCT exams is
crucial for improving patient protection against the harmful
effects of ionizing radiation. These effects are associated with
potential changes in DNA and an increased risk of onco-
genesis.” The approach proposed in this study focuses on
optimizing the effective radiation dose, which is the most
appropriate metric for measuring the overall risk of stochas-
tic effects from radiation exposure. This approach also con-
siders the impact on image quality. Although diagnostic effi-
cacy for a particular task was not specifically evaluated, this
study assessed radiologists’ confidence in identifying ana-
tomical structures using different CBCT protocols through a
subjective evaluation, revealing high confidence levels. This
suggests that the image quality was acceptable for diagnos-
tic purposes, even in lower-dose protocols. Another import-
ant strength of the present study was the adoption of an
effective dose prediction model, which was obtained through
multiple linear regression analysis. The analysis resulted in
a statistically significant model, with milliamperage identi-
fied as the most significant predictor of the effective dose.
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Fig. 3. Axial, coronal, and sagittal cone-beam computed tomography reconstructions show the image quality achieved with protocol 5(3 mA;
99 kVp; 450 projection images), which was identified as the optimized protocol.

Various factors contribute to changes in the effective dose
emitted by different CBCT devices, highlighting the need
for further research to evaluate the efficacy of different dose
reduction methods and establish correlations with image qual-
ity.* This study analyzed the influence of distinctive CBCT
acquisition protocols on reducing the effective radiation
dose while maintaining image quality, using TLD and an
anthropomorphic phantom. This method provides accu-
rate radiation dose measurements by considering the X-ray
attenuation characteristics of the human body. However,
the lack of standards for the location and number of TLDs
in the phantom limits the reproducibility of the results."
Different technical parameters have been demonstrated to
influence the effective dose in various CBCT devices.'™*
The 3 main exposure parameters tested in this study were
milliamperage, kilovoltage peak, and the number of pro-
jection images, which showed a substantial impact on the
effective dose.

The increase in milliamperage is directly proportional to
the increase in effective dose, and related to the decrease in
image noise, which is important for image quality.'” Never-
theless, the beam penetration and contrast are influenced by

kilovoltage peak. The increase in kilovoltage peak also has
an impact on the effective dose, but this effect is not linear,
with its increase impacting the radiation dose less than milli-
amperage.'’ In the present study, the lower values of milli-
amperage with compensatory higher values of kilovoltage
peak significantly reduced the effective dose levels and
maintained image quality.

The influence of CBCT exposure parameters on image
quality was previously assessed by Al-Okshi et al."” They
found that CBCT radiation exposure was affected not only
by the FOV, but also by acquisition parameters such as milli-
amperage and kilovoltage peak. These parameters had an
impact on both the quantity and quality of the incident radia-
tion, which aligns with the observations in the present inve-
stigation and emphasizes the effect on radiation dose. The
dimensions of FOV are known to influence the effective
dose from CBCT devices, suggesting that the FOV should
be kept as small as possible in cases where high-quality
images are necessary.16 In the present study, the FOV was
kept at the same size in all protocols and was not tested for
variation.

Despite the promising results found here, it is essential

— 167 —



Optimizing cone-beam computed tomography exposure for an effective radiation dose and image quality balance

to interpret them with caution. In dosimetry, several factors
must be considered regarding effective doses, such as the
type of phantom used, the number and placement of dosi-
meters, the equipment type, and its parameters (milliamper-
age, kilovoltage peak, FOV, exposure time, and voxel size).
Different combinations of these parameters can result in
varying doses.'""® Several studies evaluating CBCT scans
have shown a wide range of effective doses, and even when
comparing the same equipment model, the results may be
inconsistent.'***

Another crucial consideration when comparing radiation
dose levels is the weighting factor used to calculate the dose
for each tissue or organ. In 2007, the ICRP included the oral
mucosa, salivary glands, and extrathoracic airways as radio-
sensitive tissues and proposed specific weighting factors in
its 103rd publication, replacing the recommendations from
1990.% These changes in tissue weighting factors and the
inclusion of salivary glands in the ICRP 2007 recommen-
dations led to an increase in effective dose.”> The present
study followed the 2007 recommendations. Therefore, for a
proper interpretation of the results, the dose levels obtained
here should be compared with studies using the same guide-
lines and similar CBCT devices.”***

Regarding studies investigating the Picasso Trio device
using the ICRP 2007 recommendations, Pauwels et al.
(2012)% evaluated the effective dose using 2 protocols (low-
dose and high-dose). They maintained the acquisition para-
meters of FOV (12 X7 cm) and kilovoltage peak (85 kVp)
in both protocols, changing only the milliamperage value.
They found lower effective dose values than those found
in the present study, which can be explained by the smaller
FOV used. In another investigation that also evaluated radi-
ation dose in the Picasso Trio equipment, Hofmann et al.
(2014)*® calculated the absorbed dose of radiosensitive
organs. They used a FOV of 12X 7 cm, 5.5 mA, 85 kVp,
and a voxel size of 0.2 mm. The absorbed dose values they
found were lower for the brain, eyes, and bone surface than
was observed in all protocols in the present study. However,
in the thyroid, the dose values found in this study were lower
in protocols 1, 2, and 3, suggesting that lower kilovoltage
peak values might help reduce the absorbed radiation in
this specific region. However, comparing different dosimet-
ric studies could be questionable, even when using the same
CBCT device.

In principle, the parameters adopted in this study to opti-
mize the acquisition protocol, with a reduction in milliam-
perage and a compensatory increase in kilovoltage peak,
could be applied to optimize CBCT in other scans. As men-
tioned before, other technical parameters can influence the

image quality and dose, and these parameters can vary great-
ly among the various CBCT equipment available on the
market. Therefore, it may not always be possible to alter the
milliamperage and kilovoltage peak in specific CBCT sys-
tems, underscoring the need for device-specific research to
improve pre-programmed protocols established by CBCT
equipment developers. Additionally, oral and maxillofa-
cial radiologists should have a thorough understanding of
CBCT’s technical parameters to optimize acquisition proto-
cols for various patients and different diagnostic tasks in
dental clinics. Consequently, the radiation dose must be opti-
mized in each device to ensure that the acquisition protocol
provides an image that is diagnostically acceptable for a
specific patient and indication-oriented, as reflected in the
ALADAIP principle (“as low as diagnostically acceptable
being indication-oriented and patient-specific™).”’

The results of the present study showed that optimizing
milliamperage, kilovoltage peak, and the number of project-
ion images can reduce the effective dose without compromis-
ing radiologists’ confidence in the acquired images. How-
ever, caution is necessary when interpreting the results due to
various factors that influence effective dose calculations, in-
cluding the phantom type, dosimeter placement, equipment
parameters, and dose calculation guidelines. Consistency in
tissue weighting factors is crucial for accurate dose compari-
sons. Further research is needed to explore parameter optimi-
zation in different diagnostic tasks and devices, ensuring di-
agnostically acceptable images with minimal radiation expo-
sure.
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