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Abstract

Objectives This study aimed to investigate the impact of a deep learning-based reconstruction (DLR) technique on image
quality and reduction of radiation exposure, and to propose a low-dose multidetector-row computed tomography (MDCT)
scan protocol for preoperative imaging for dental implant surgery.

Methods The PB-1 phantom and a Catphan phantom 600 were scanned using volumetric scanning with a 320-row MDCT
scanner. All scans were performed with a tube voltage of 120 kV, and the tube current varied from 120 to 60 to 40 to 30 mA.
Images of the mandible were reconstructed using DLR. Additionally, images acquired with the 120-mA protocol were
reconstructed using filtered back projection as a reference. Two observers independently graded the image quality of the
mandible images using a 4-point scale (4, superior to reference; 1, unacceptable). The system performance function (SPF) was
calculated to comprehensively evaluate image quality. The Wilcoxon signed-rank test was employed for statistical analysis,
with statistical significance set at p value <0.05.

Results There was no significant difference between the image quality acquired with the 40-mA tube current and recon-
structed with the DLR technique (40DLR), and that acquired with the reference protocol (3.00, 3.00, p =1.00). The SPF
at 1.0 cycles/mm acquired with 40DLR was improved by 156.7% compared to that acquired with the reference protocol.
Conclusions Our proposed protocol, which achieves a two-thirds reduction in radiation dose, can provide a minimally invasive
MDCT scan of acceptable image quality for dental implant surgery.

Keywords Dental implant - MDCT - Radiation dose - Image quality - Deep learning

Introduction

Dental implant surgery is a common procedure in clinical
dental practice, and multidetector computed tomography
(MDCT) and cone-beam computed tomography (CBCT)
are the most common diagnostic imaging modalities used
for preoperative dental implant planning [1-4]. These
imaging modalities provide information on the height,

P4 Yuki Sakai
yuki.sakai.san@ gmail.com

Division of Radiology, Department of Medical Technology,
Kyushu University Hospital, 3-1-1, Maidashi, Higashi-ku,
Fukuoka, Japan

Department of Oral and Maxillofacial Radiology, Faculty
of Dental Science, Kyushu University, Fukuoka, Japan

Published online: 29 January 2022

width, and angulation of the alveolar ridge, the quality
of bone at the implant site, and the relationship between
the implant site and adjacent structures, such as the man-
dibular canal. MDCT provides a superior contrast for soft
tissues, whereas CBCT has a superior spatial resolution.
Thus, CBCT is advantageous for the preoperative assess-
ment of dental implant surgery. However, the use of CBCT
is limited to patients who can remain stationary for a long
time (approximately 10-25 s) in the sitting position during
image acquisition [5, 6]. Therefore, MDCT, with its short
irradiation time, could be an alternative for patients with
involuntary movements. However, the radiation dose deliv-
ered by MDCT is generally higher than that delivered by
CBCT [7]. Dentomaxillofacial scanning of the oral cavity,
such as for the preoperative assessment of dental implant
surgery, is conducted in the vicinity of radiosensitive organs,
such as the thyroid gland and salivary glands; therefore, the
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radiation dose should be minimized while maintaining diag-
nostic performance [8]. A previous study demonstrated that
the combination of volumetric scanning and the iterative
reconstruction (IR) technique achieved a 50% reduction in
tube current while preserving image quality [9]. Volumet-
ric scanning can acquire an entire dentomaxillofacial image
within 1 s [10], and the IR technique lowers the radiation
dose by reducing image noise [11].

In recent years, a deep learning-based reconstruction
(DLR) technique has been introduced in clinical applica-
tions. This DLR technique reduces image noise while simul-
taneously increasing spatial resolution [12]. Previous reports
have demonstrated that the DLR technique yielded better
image quality for soft tissue and coronary CT angiography
than the IR technique [12, 13]. However, the effect of the
DLR technique on image quality for the dentomaxillofacial
region (bone tissue) and the possibility of radiation dose
reduction have not been investigated. Thus, there is a need
to demonstrate the usefulness of the DLR technique in this
region, where low radiation exposure is required. There-
fore, this study aimed to investigate the impact of the DLR
technique on image quality and reduction of radiation expo-
sure to propose a low-dose MDCT scan protocol for dental
implant surgery.

Methods and materials
Phantoms

A phantom of the mandibles of a human head (PB-1; Kyoto
Kagaku, Kyoto, Japan; Fig. 1a) [14] was used for observer
evaluation, and a Catphan phantom 600 (Phantom Labora-
tory, Greenwich, USA; Fig. 1b) [15] and a TOS phantom
(Kyoto Kagaku, Kyoto, Japan; Fig. 1c) were used for physi-
cal characteristics analysis. The Catphan phantom (200 mm
in diameter) contains two modules: a sensitometry module
(CTP 404) and an image uniformity module (CTP 486).

Image acquisition and reconstruction conditions

The phantoms were scanned with a 320-row MDCT scan-
ner (Aquilion One Prism Edition; Canon Medical Systems,
Otawara, Japan) using volumetric scanning. This scanning
technique can acquire an entire dental image with a single
rotation [10]. All scans were performed under the following
conditions: tube voltage, 120 kV; tube rotation time, 0.5 s/
rot.; and 0.5-mm collimation X 80 rows. The tube current
was varied from 120 to 60 mA to 40 to 30 mA. Images were
reconstructed with 1.0-mm thickness with an 80-mm field
of view. In all acquisitions, the DLR (Advanced intelligent
Clear-1Q Engine mild; Canon Medical Systems, Otawara,
Japan) technique and IR (Adaptive Iterative Dose Reduction
three-dimensional enhanced mild; Canon Medical Systems,
Otawara, Japan) technique were performed with bone ker-
nel. Hereafter, images acquired at a tube current of 120 mA
and reconstructed using the DLR/IR technique are defined
as 120DLR/120IR, and similarly for the other conditions.
Additionally, images acquired by the 120-mA protocol were
reconstructed using filtered back projection as a reference.
Table 1 summarizes the details of the acquisition and recon-
struction parameters.

Qualitative assessment

For qualitative assessment, the mandible of the PB-1
phantom was scanned parallel to the occlusal plane. A
dental radiologist and a radiological technologist with 9
and 8 years of experience, respectively, independently
graded the image quality of the 54 mandible images (six
images acquired by nine protocols) based on delineations
of the alveolar bone and inferior dental canal. Figure 2
shows examples of six images used for visual evaluation.
The 54 images were compared with the reference image
using a 4-point scale (4, superior to reference; 3, compa-
rable to reference; 2, acceptable but limited diagnostic

Fig. 1 Photos of a PB-1 phantom, b Catphan phantom, and ¢ TOS phantom
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Table 1 Scan and reconstruction parameters

Scan method
Tube voltage (kVp)

Volumetric scanning
120

Tube current (mA) 120, 60, 40, 30
Rotation time (s/rotation) 0.5

Focal spot Small
Collimation and detector rows 0.5 mm X 80 rows
Matrix size 512x512

Slice thickness/interval (mm) 1.0/1.0
Reconstruction method DLR, IR, FBP*
Reconstruction kernel Bone

FOV (mm) 80

DLR deep learning-based reconstruction, /R iterative reconstruction,
FBP filtered back projection, FOV field of view

“FBP images acquired with a tube current of 120 mA were recon-
structed as a reference

value; and 1, unacceptable). The images were rand-
omized, and the observers were blinded to the acquisi-
tion and reconstruction conditions. Images were evaluated
using a liquid—crystal display (RadiForce RX240, EIZO,
Nanao, Ishikawa, Japan) with a preset window level of
500 HU and a window width of 3500 HU, and the review-
ers were allowed to adjust the window set during evalua-
tions. Reading time was not limited.

Quantitative assessment

The spatial resolution, image noise, frequency characteris-
tics of the image noise, and system performance function
(SPF) were assessed in all acquisition and reconstruction
parameters using CT measure version 098f (Japanese Soci-
ety of CT Technology, Hiroshima, Japan) [16].

For spatial resolution assessment, in-plane and z-direc-
tional task-based modulation transfer function (TTF) curves
were calculated using the CTP 404 module and TOS phan-
tom. The in-plane TTF curves were calculated using an
inserted disk-shaped object (Teflon, CT number at 120 kV,
approximately 940 HU) surrounded by a square region of
interest (ROI) according to the circular edge method [17].
The “Task” considered in this study was bone, and a Teflon
insert was used to reproduce the bone contrast (approxi-
mately 840 HU). The z-directional TTF curves were cal-
culated using the averaged sagittal image of the tilted rod
object (Teflon) inserted in a TOS phantom surrounded by
a square ROI, according to the slanted edge method [18].
The phantom was inclined at 3° to obtain sufficiently small
data intervals during synthesis. One hundred CT slices were
used for in-plane and z-directional TTF measurements to
improve accuracy.

The standard deviation (SD) of the CT number was cal-
culated as the assessment of image noise. A square ROI
(256 X256 pixels) was placed in the center of the CTP 486
image. The mean image noise was calculated from 50 CT
slices for each protocol.

Fig.2 Example of images for the visual evaluation test: two buccolingual section images at the a first and b second molar, ¢ a mesiodistal sec-
tion image, two horizontal section images at the alveolar crest level (d, e), and f a sagittal section image at the mandibular central incisor
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The noise power spectra (NPSs) were calculated to assess
the frequency characteristics of the image noise. The radial
frequency method was used for the NPS calculations [19].
The ROI size was set to 256 X 256 pixels at the center of
the CTP 486 image. The NPS curve for each protocol was
acquired by averaging the NPS results from 100 CT slices.

The SPF was calculated as a function of spatial frequency
for a comprehensive evaluation of image quality [18]. The
SPF as a function of spatial frequency, u, is expressed as
follows:

2
TFin—plane (u)

s e 1
NPS (u) )

SPF? (1) =

The SPF [1] at 1.0 cycles/mm was compared in each pro-
tocol as an index of the comprehensive evaluation of image
quality [9].

Linear measurement

Two radiological technologists, each with 8 years of experi-
ence, independently measured 108 linear distances from 54
mandible images (width and height of each of the six images
acquired by nine protocols). The bone width and height were
measured as the alveolar crest distance and the vertical dis-
tance from the estimated alveolar crest to the upper wall of
the mandibular canal, respectively (Fig. 3). When preparing
the images for linear measurements, a CT scanner equipped
with a position recording function was used to ensure the
same position in the measured images acquired via all pro-
tocols. The images were randomized, and the operators were
blinded to the acquisition and reconstruction conditions. The
linear distance of each image was measured using a liquid-
crystal display (RadiForce RX240, EIZO, Nanao, Ishikawa,
Japan) with a preset window level of 500 HU and a window
width of 3500 HU; the operators were allowed to adjust the
window set during evaluations. The time for linear measure-
ments was not limited.

Radiation dose calculation

The volume CT dose index (CTDI,,) and dose length
product (DLP) were recorded from the corresponding dose
reports. The effective doses in each protocol were calculated
by multiplying the DLP by the effective dose coefficients of
0.0031 (mSvm Gy~! cm™") to estimate the head and neck
region of adult patients [20].

Statistical analysis
Data acquired by the visual evaluation test are reported as

the mean =+ standard deviation (SD). Statistical analysis using
the Wilcoxon signed-rank test was performed to compare the
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Fig.3 Example of buccolingual section images used for linear length
measurement

image quality between each protocol and the reference proto-
col. Interobserver agreement was calculated using the kappa
statistic (<0.20=poor; 0.21-0.40 =fair; 0.41-0.60 = moder-
ate; 0.61-0.80 =substantial; and 0.81-1.00 = almost perfect).

The mean and SD values of the differences between linear
measurements obtained by each protocol and the reference
protocol were recorded, and the differences between linear
measurements obtained by each protocol and the reference
protocol were analyzed using a one-sample ¢ test. There-
after, the reliability of the linear measurement between
each protocol and the reference protocol was tested using
the Bland—Altman analysis [21]. Inter- and intra-examiner
agreements were evaluated using intraclass correlation
coefficients (ICCs). The two linear measurements recorded
by the first operator were used to calculate intra-examiner
reliability. A time interval of 3 months was set to evaluate
intra-examiner agreement. Statistical significance was set at
p <0.05. Statistical analysis was performed using JMP Pro
14.2.0 (SAS Institute, Cary, NC, USA).

Ethical consideration

Our experimental phantom study did not require approval by
an institutional review board.
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Results
Qualitative evaluation

Table 2 shows the results of the observer evaluation test,
and Fig. 4 shows the phantom images evaluated in the vis-
ual evaluation test. Observers gave higher scores to images
acquired with a higher tube current for each reconstruction

method. The images reconstructed using the DLR technique
were found to be superior to those reconstructed using the
IR technique in the corresponding tube current setting.
There was no significant difference between the image qual-
ity of 40DLR and that of the reference protocol (3.0+ 0.0,
3.0+0.0, p=1.00); in contrast, the image quality of 40IR
was significantly worse than that of the reference protocol
(2.7+0.5,3.0£0.0, p=0.036). The two observers in our
study showed moderate interobserver agreement (x=0.533).

Table 2 Image quality in each

Protocol Reconstruction method

protocol as evaluated by two

observers DLR p value IR p value FBP (reference) p value
120 mA 3.3+0.5 0.03 3.1+0.3 0.32 3.0+0.0 1.00
60 mA 3.1+0.3 0.32 3.0+0.0 1.00 - -
40 mA 3.0+0.0 1.00 2.7+0.5 0.04 - -
30 mA 29+0.2 0.32 24+0.5 0.002 - -

Statistical analysis was conducted between each protocol and the reference protocol

DLR deep learning-based reconstruction, IR iterative reconstruction, FBP filtered back projection

Fig.4 Example of phantom
images: deep learning-based
reconstruction images acquired
at a tube current of a 120, b 60,
¢ 40, and d 30 mA and iterative
reconstruction images acquired
at a tube current of e 120, f 60,
g 40, and h 30 mA, and i image
acquired with the reference
protocol
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Quantitative evaluation
Task transfer function

Figure 5a, b shows the comparisons of in-plane TTF meas-
urements between the DLR protocols and reference proto-
col and between the IR protocols and reference protocol,
respectively. The 10%TTF values of the 120-, 60-, 40-, and
30-mA protocols reconstructed with DLR/IR techniques and
the reference protocol were 1.63/1.34, 1.57/1.31, 1.52/1.27,
1.45/1.24, and 1.22 cycles/mm, respectively. The shapes of
the in-plane TTF curves reconstructed with DLR/IR indi-
cated differences depending on the tube currents, and the
10%TTF values of the images reconstructed with DLR were
higher than those of images reconstructed with IR at the cor-
responding tube current setting. Compared to 40IR, 40DLR
provided a 19.3% higher spatial resolution at 10%TTF.
Figure 6a, b shows the comparisons of z-directional TTF
measurements between DLR protocols and the reference pro-
tocol and between IR protocols and the reference protocol,
respectively. The 10%TTF values of the 120-, 60-, 40-, and
30-mA protocols reconstructed with DLR/IR techniques and

(a) 2.0
—=—120DLR
15 - 60DLR
——40DLR
. —-30DLR
£ 1o —Reference

0.5

0.0

0.0 0.5 1.0 1.5
Spatial frequency [cycles/mm]

(b) 2.0
——120IR
15 r - 60IR
——40IR
--30IR
£ 10 —Reference
0.5
0.0 EE— : — —
0.0 0.5 1.0 1.5

Spatial frequency [cycles/mm]

Fig.5 Comparisons of in-plane TTF curves between a DLR and ref-
erence images and b IR and reference images. Each scan in 120DLR/
IR, 60DLR/IR, 40DLR/IR, and 30DLR/IR was conducted with tube
currents of 120, 60, 40, and 30 mA, respectively, and reconstructed
with the DLR/IR algorithm. TTF, task-based modulation transfer
function; DLR, deep learning-based reconstruction; IR, iterative
reconstruction
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Fig.6 Comparisons of z-directional TTF curves between a DLR and
reference images and between b IR and reference images. Each scan
in 120DLR/IR, 60DLR/IR, 40DLR/IR, and 30DLR/IR was conducted
with tube currents of 120, 60, 40, and 30 mA, respectively, and recon-
structed with the DLR/IR algorithm. TTF task-based modulation
transfer function, DLR deep learning-based reconstruction, IR itera-
tive reconstruction

the reference protocol were 0.85/0.84, 0.84/0.79, 0.82/0.74,
0.74/0.71, and 0.88 cycles/mm, respectively. The 10%TTF
values of the images reconstructed with 120DLR and 120IR
were slightly lower than those of the reference protocol.

Image noise

The SD values of the 120-, 60-, 40-, and 30-mA proto-
cols reconstructed with DLR/IR and the reference proto-
col were 78.5+1.8/130.0+3.2, 104.6 +3.4/160.6 +3.2,
117.4+3.7/169.3 £ 3.3, 122.2 +3.4/169.6 + 2.8, and
119.1 +£2.3 HU, respectively. The image noise of the images
reconstructed with DLR was dramatically decreased com-
pared to that of images reconstructed with IR at the corre-
sponding tube current setting.

Noise power spectrum
Figure 7a, b shows the comparisons of the NPS curves

between the DLR protocols and reference protocol
and between the IR protocols and reference protocol,
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Fig.7 Comparisons of NPS curves between a DLR and reference
images and b IR and reference images. Each scan in 120DLR/IR,
60DLR/IR, 40DLR/IR, and 30DLR/IR was conducted with tube cur-
rents of 120, 60, 40, and 30 mA, respectively, and reconstructed with
the DLR/IR algorithm. NPS noise power spectrum, DLR deep learn-
ing-based reconstruction, IR iterative reconstruction

respectively. DLR significantly reduced noise power,
especially at high frequencies, compared to IR. The
relative noise power at 1.0 cycles/mm in 40DLR and
40IR compared to the reference protocol was 53.4% and
185.0%, respectively. The NPS curves reconstructed with
DLR showed that the peaks of the NPS curves shifted to
a low spatial frequency as the tube current decreased.

System performance

Figure 8a, b shows the comparisons of SPF curves
between the DLR protocols and reference protocol and
between the IR protocols and reference protocol, respec-
tively. The SPF [1] at 1.0 cycles/mm acquired for each
protocol is shown in Table 3. The SPF [1] at 1.0 cycles/
mm acquired with 40DLR improved by 356.3% and
156.7% compared to that acquired with 40IR and the ref-
erence protocol, respectively, while the corresponding
SPF [1] of 40IR worsened by 43.7% compared to that of
the reference protocol.
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Fig.8 Comparisons of SPF curves between a DLR and reference
images and b IR and reference images. Each scan in 120DLR/IR,
60DLR/IR, 40DLR/IR, and 30DLR/IR was conducted with tube cur-
rents of 120, 60, 40, and 30 mA, respectively, and reconstructed with
the DLR/IR algorithm. SPF system performance function, DLR deep
learning-based reconstruction, IR iterative reconstruction

Linear measurement

The differences between the linear measurements obtained
by each protocol and the reference protocol are listed in
Table 4. Supplementary Material Figs. 1 and 2 show the
Bland-Altman plots between linear measurements obtained
between the DLR protocols and reference protocol and
between the IR protocols and reference protocol, respec-
tively. There was a significant difference between the lin-
ear measurements obtained with the 30IR protocol and the
reference protocol, while no significant differences were
observed between the linear measurements obtained with

Table 3 SPF? at 1.0 cycles/mm in each scanning and reconstruction
method

Protocol Reconstruction method
DLR IR FBP (reference)
120 mA 0.00062 0.00011 0.00008
60 mA 0.00029 0.00006 -
40 mA 0.00020 0.00004 -
30 mA 0.00016 0.00003 -

SPF system performance function, DLR deep learning-based recon-
struction, IR iterative reconstruction, FBP filtered back projection
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Table 4 Differences between measurements obtained by each proto-
col and the reference protocol

Protocol  Differences of 95% confidence interval p value

measured value limits (mm)

(mm) - .

Lower limit  Upper limit

120DLR 0.057+0.041 —0.028 0.141 0.178
120IR 0.004+0.030 —0.058 0.066 0.900
60DLR 0.034+0.044 —0.058 0.126 0.451
60IR —0.010+0.046 —0.106 0.087 0.838
40DLR 0.051+0.035 —-0.022 0.125 0.158
40IR —0.001+0.039 —0.081 0.081 0.995
30DLR  —0.042+0.042 -0.129 0.045 0.326
30IR —0.121+0.052 -0.229 —-0.013 0.030

Each scan of 120DLR/IR, 60DLR/IR, 40DLR/IR, and 30DLR/IR
protocols was acquired by volumetric scanning with tube currents of
120, 60, 40, and 30 mA, and reconstructed with DLR/IR algorithms,
respectively

Data are given as mean + standard deviation

Bland—Altman plots were performed between each protocol and the
reference protocol, and statistical significance was set at p <0.05

DLR deep learning-based reconstruction, /R iterative reconstruction

other protocols and the reference protocol. The ICCs for
inter- and intra-observer agreement were 0.997 and 0.998,
respectively.

Radiation dose assessment

Table 5 shows the CTDI,;, DLP, and effective doses for
each protocol. The effective dose of the 40-mA protocol
was 31.3 uSv, which indicated a two-thirds reduction in the
radiation exposure compared to the reference protocol.

Discussion

This study proposed a low-radiation dose scanning protocol
using the DLR algorithm that maintains diagnostic image
quality in MDCT. This DLR technique achieved a two-thirds
reduction in radiation dose. Our study demonstrated that the
DLR technique also achieved low-dose imaging of the bone
tissue. Furthermore, high-speed imaging with an irradiation
time of 0.5 s can be employed in preoperative dental implant
imaging in patients who cannot remain stationary.

According to the results of the visual evaluation test, there
was no significant difference between the visual score of
40DLR and that of the reference protocol, while the visual
score of 40IR was significantly inferior to that of the refer-
ence protocol. These results showed that the image quality
acquired by the 40DLR was preserved, and the use of the
DLR technique was recommended.

@ Springer

Table 5 Comparison of radiation dose in each acquisition protocol

Protocol CTDI,,, (mGy) DLP (mGy cm) Effective
dose (uSv)

120 mA 7.6 30.3 93.9

60 mA 3.8 15.2 47.1

40 mA 2.5 10.1 31.3

30 mA 1.9 7.6 23.6

CTDI,,; volume computed tomography dose index, DLP dose length

product

Based on the results of the quantitative assessment, the
in-plane TTFs acquired with DLR were superior to those
acquired with IR and the reference protocol, as the 10%TTF
values of the DLR images were higher than those of IR
images and the reference images. Moreover, the DLR tech-
nique effectively reduced the image noise, especially in the
high-frequency range. The image noise of 40DLR was com-
parable to that of the reference protocol, although the image
noise of 40IR was higher than that of the reference protocol.
Higaki et al. previously demonstrated that the DLR algo-
rithm improved spatial resolution and reduced image noise
compared to the IR algorithm [13], and the results of this
study support these findings. The performance evaluated by
SPF indicated the superiority of the DLR, especially in the
high-frequency range. Therefore, according to the results of
qualitative and quantitative assessments, the image quality
of 40DLR would be comparable to that obtained with the
reference protocol.

The results of the linear measurement indicated that there
was no significant difference between the linear measure-
ments obtained with the 40DLR protocol and the reference
protocol, although the reliability of the linear measurements
obtained with 30IR was inferior to that obtained with the
reference protocol. In a previous report by Al-Shawaf, the
clinical significance of the absolute linear measurement
differences was> 0.3 mm with a 95% confidence interval
beyond +0.5 mm [1]. Therefore, the differences in 40DLR
protocols used in this study were not clinically significant,
and the use of 40DLR was reasonable in terms of image
quality, linear measurement accuracy, and radiation dose.

The image qualities acquired by 40DLR and 60IR were
comparable to those acquired by the reference protocol,
and the effective doses of 40DLR and 60IR protocols were
31.1 and 47.1 pSv, respectively. Thus, compared to the IR
technique, the DLR technique has the potential to further
reduce the radiation dose by 16.9% relative to the reference
protocol. Bornstein et al. reported that the effective dose of
CBCT for a small FOV was 11-252 uSv [22]. Therefore, the
effective dose of the 40DLR protocol was less than or equal
to that of CBCT.
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This study had several limitations. First, the image quality
and linear measurement accuracy of the mandibular bone
were evaluated using a phantom, and the linear measurement
lacked a ground truth. Although our protocol can complete
image acquisition in 0.5 s, we could not evaluate the differ-
ence in motion artifacts between MDCT and CBCT because
a phantom image was evaluated in this study. Furthermore,
the possibility of a reduction in radiation dose considering
the presence of soft tissues could not be evaluated because
the phantom used in this study was inappropriate for the
evaluation of soft tissue. Therefore, it is necessary to con-
firm the extent to which the tube current is lowered dur-
ing clinical examinations. Second, the applicability of the
proposed protocol may be limited to specific cases wherein
patients cannot remain stationary, since the spatial resolution
of MDCT is inferior to that of CBCT. However, the effective
dose of the 40DLR protocol was less than or equal to that
of CBCT. Therefore, we believe that our proposed protocol
is valuable as a way to scan patients who cannot remain
stationary during imaging with minimal invasion. Third,
the effect of the DLR algorithm on image qualities, such as
spatial resolution and image noise, was not revealed. The
detailed DLR algorithm was not disclosed to users, and the
effect of this algorithm on the spatial resolution and image
noise has complex variations depending on the acquisition
and reconstruction conditions. However, under these exper-
imental conditions, the DLR algorithm comprehensively
improved the image quality and reduced the radiation dose.
Fourth, this study demonstrated the results of reconstruc-
tion algorithms developed by a single manufacturer. Fur-
ther studies are needed to investigate the quality of images
reconstructed using other DLR algorithms developed by
other manufacturers.

Conclusion

We propose a low-dose scan protocol using the DLR tech-
nique in MDCT that achieves a two-thirds reduction in the
radiation dose while preserving image quality. This high-
speed scanning protocol can provide a minimally invasive
CT scan for dental implant surgery.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11282-021-00584-w.
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