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Background: The aim of this study was to compare the dose reduction potential and image quality of
deep learning-based image reconstruction (DLIR) with those of filtered back-projection (FBP) and iterative
reconstruction (IR) and to determine the clinically usable dose of DLIR for low-dose chest computed
tomography (LDCT) scans.

Methods: Multi-slice computed tomography (CT) scans of a chest phantom were performed with various
tube voltages and tube currents, and the images were reconstructed using seven methods to control the
amount of noise reduction: FBP, three stages of IR, and three stages of DLIR. For subjective image analysis,
four radiologists compared 48 image data sets with reference images and rated on a 5-point scale. For
quantitative image analysis, the signal to noise ratio (SNR), contrast to noise ratio (CNR), nodule volume,
and nodule diameter were measured.

Results: In the subjective analysis, DLIR-Low (0.46 mGy), DLIR-Medium (0.31 mGy), and DLIR-High
(0.18 mGy) images showed similar quality to the FBP (2.47 mGy) image. Under the same dose conditions,
the SNR and CNR were higher with DLIR-High than with FBP and all the IR methods (all P<0.05). The
nodule volume and size with DLIR-High were significantly closer to the real volume than with FBP and all
the IR methods (all P<0.001).

Conclusions: DLIR can improve the image quality of LDCT compared to FBP and IR. In addition, the
appropriate effective dose for LDCT would be 0.24 mGy with DLIR-High.
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Introduction

The use of low-dose chest computed tomography (LDCT)
screening has increased, and the implementation of lung
cancer computed tomography (CT) has become important
for diagnosing and managing small pulmonary nodules
detected during screening. Therefore, radiation exposure
from lung CT scans is of increasing concern to both the
medical community and the general public (1-3). For
effective and responsible lung cancer screening, LDCT
should be performed using high-quality low-radiation-
exposure CT.

Iterative reconstruction (IR) algorithms have become
the mainstay reconstruction technique for LDCT (4,5).
IR methods have been developed to optimize the quality
of reconstructed images using iterative computations that
include information about system statistics, X-ray physics,
optics, and patient characteristics in the modeling (6-8).
The IR technique allows patients to undergo scanning with
radiation doses lower than those required for the traditional
filtered back-projection (FBP) reconstruction algorithms
while maintaining diagnostic quality.

With the development of artificial intelligence
technology and graphics processing unit performance,
medical image reconstruction methods using deep learning
techniques are emerging (9,10). Deep learning-based
image reconstruction (DLIR) can process a vast number
of parameters, far more than human engineers can handle
without user involvement. Therefore, it is possible to
optimize various parameters and ensure stable image
quality. Recently, artificial intelligence technologies have
been proposed to enable dose reduction while maintaining
the diagnostic performance of CT (11,12). The methods use
training with high-quality FBP images (GE Healthcare) (13),
training with IR images (Canon Medical Systems) (14), and
training with noise-free IR or FBP images (non-CT device
vendors) (13,14). Although each method pursues a slightly
different purpose, these all methods have a common goal of
replacing traditional IR methods with low-dose scanning.
It is known that the DLIR technology using low-dose
scanning guarantees the same quality as the conventional IR
method.

Recent studies reported that the use of DLIR techniques
can facilitate dose reduction while maintain the image
quality in chest CT scan (15-17). However, the dose
reduction potential using DLIR techniques for low dose
chest CT scan was not fully assessed yet.

The purposes of this study were to investigate the
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dose reduction potential of DLIR techniques, compare
the resulting image quality with FBP and IR images, and
determine the clinically usable dose required by DLIR for
an LDCT protocol.

Methods
Chest phantom and data acquisition

For this experimental phantom study, ethics review and
institutional review board approval were waived.

To evaluate image quality according to image
reconstruction technique, a multipurpose chest phantom
(LUNGMAN; KYOTO KAGAKU, Japan) was used.
Various structures (bone, heart, trachea, pulmonary vessel,
and diaphragm) were included in the main body, along
with 15 artificial, spherical nodules of three types (pure,
urethane foam, -800 HU,; sub-solid, urethane foam,
-630 HU; solid, polyurethane, 100 HU) and five diameters
(3, 5, 8, 10, 12 mm). The artificial nodules can be inserted
anywhere in the phantom. All CT examinations were
performed with a 256-slice CT scanner (Revolution CT,
GE Healthcare) and the following parameters: gantry
rotation time, 500 ms; display of field of view (DFOV),
350 mm; coverage, 160 mm; and slice thickness, 0.625 mm.
Four fixed tube voltages (70, 80, 100, 120 kVp) and four
fixed tube current-time products (15, 20, 25, 50 mAs) were
chosen to vary the radiation dose of the chest CT images.
The highest radiation exposure was selected from the
LDCT protocol commonly used in clinical practice.

All examinations were carried out as axial scans with a
160-mm wide detector because the nodules in the phantom
can move as the table moves during a helical scan. Subtle
changes in the position of the nodules can affect the
accuracy of quantitative analyses, which require pixel-by-
pixel calculations.

Image reconstruction

All the images were reconstructed using data from a
single scanner. The images were reconstructed using
adaptive statistical IR (ASiR-V, GE Healthcare) and
DLIR (TrueFidelity, GE Healthcare). ASiR-V is a hybrid
IR method that combines adaptive statistical IR with the
physics model used for model-based IR, and the numbers
that follow the V represent the blending ratio between the
ASiR-V and FBP (i.e., ASiR-V30 = ASiR-V x0.3 + FBP
x0.7). The DLIR was based on a deep neural network
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Figure 1 Nodule images according to reconstruction method. The images were scanned at a tube current of 25 mAs and tube potential of

120 kVp. ASiR-V, adaptive statistical iterative reconstruction, DLIR, deep learning-based image reconstruction; L, low; M, medium; H,

high; FBP, filtered back-projection.

(DNN) that provides three selectable reconstruction
strengths (low, medium, high) to control the amount of
noise reduction. This DNN-based DLIR engine was
formulated to apply the pre-computed and then fixed
coefficients in an inference engine responsible for producing
reconstructed images from the input sinogram data. The
manufacturer currently provides only a standard kernel
in the DLIR, so all reconstructions used that standard
kernel. Each raw data set was reconstructed using eight
reconstruction methods: FBP, ASiR-V (30, 50, 70, 100) and
DLIR (low, medium, high) (Figure I).

Subjective image quality evaluation

Four radiologists with 6-12 years of experience in chest
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CT imaging independently evaluated all the CT data sets
on the same display monitor (RadiForce MX193, EIZO).
The readers were blinded to the number, location, and size
of the simulated nodules, as well as to the reconstruction
methods. The subjective image quality evaluation used a
relative visual grading analysis with a reference image (18).
Information (scan protocol and reconstruction method)
about the reference image and the comparative image was
deleted from the image viewer (Advanced Workstation,
GE Healthcare), so only the position of the reference
image was shown to the readers. The readers were asked
to rate the overall image quality (defined as the reader’s
confidence in using a certain image to detect the presence
or absence of lung lesions) on a 5-point scale compared to
the reference image. The 5-point scale was rated as follows:
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grade 1 (clearly inferior to the reference image), grade 2
(somewhat inferior to the reference image), grade 3 (equal
to the reference image), grade 4 (somewhat superior to
the reference image), and grade 5 (clearly superior to the
reference image).

Subjective image quality and reconstruction methods

In this subjective analysis, we intended to evaluate the
performance of the reconstruction methods and provide
options for various radiation doses, so the FBP image at the
corresponding dose was used as the reference image. This
experiment contained 168 data sets made by combining the
three nodule types (solid, sub-solid, and pure), four levels
of tube potential (70, 80, 100, 120 kVp), and two levels of
tube current (20 and 50 mAs). Each of those data sets was
reconstructed using seven methods (FBP, ASiR-V30, 50, 70,
DLIR-Low, -Medium, -High).

Subjective image quality and radiation dose

"This subjective analysis was performed to find the dose level
required to produce DLIR images usable for diagnosis.
Therefore, we derived visual grades by comparing the
reference image with DLIR images at various dose levels.
The volume computerized tomography dose index (CTDI,,)
of the reference image used in this experiment was
2.47 mGy with FBP (120 kVp, 50 mAs), which was
sufficient to diagnose an actual LDCT. To ensure that we
used images with the same level as the reference image from
those captured at various tube currents, we chose images
(selected tube current) with an average of grade 3 or more
in the visual grading analysis by our four evaluators. This
experiment contained 48 data sets made by combining
four levels of tube potential (70, 80, 100, 120 kVp) and
four tube currents (15, 20, 25, 50 mAs). Each data set was
reconstructed using the three DLIR methods (DLIR-Low,
-Medium, -High).

Objective image quality evaluation

A total of 42 data sets were created by combining two tube
potentials (70, 80 kVp) and three tube currents (15, 20,
25 mAs), and each data set was reconstructed using seven
methods (FBP, ASiR-V30, 50, 70, DLIR-Low, -Medium,

and -High). First, to measure the basic noise characteristics
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of each image, we measured the signal to noise ratio
(SNR) and contrast to noise ratio (CNR) in the heart
region of the phantom with a homogeneous medium using
the pixel Hounsfield unit (HU) values. SNR and CNR
were calculated using the following respective formulas:
SNR = |Mean,,,/standard deviation (SD);,qgoume! and
CNR = I Meany,,,, - Meany,qgoumd! /SDhear. Next, the
volumes and diameters of 12-mm sized solid nodules were
calculated in a semi-automatic manner using commercial
software (AVIEW Research; CORELINE, Korea). The
software requires the user to manually draw an initial
seed line traversing the nodule, and then it automatically
measures the volume and diameter of the nodule based
on that line. Each measurement used the same algorithm
(without changing parameters) and was performed twice by
each of two physicians. The measurement error ratio (MER)
was calculated to evaluate the measured size versus the real
size of the nodule. The MER

follows: I|measured volume or diameter/actual volume or

volume/diameter WaS Calculated as
diameter| x100%, where the real diameter was provided by
the phantom manufacturer, and the volume was calculated
based on the provided diameter [volume = (4/3) x m x
radius’].

Statistical analysis

All statistical analyses were performed using statistical
software (SPSS, version 22.0, IBM Corp., Armonk,
NY, USA), and P values less than 0.05 were considered
statistically significant. For continuous data, the results were
showed as mean (min, max). The Kolmogorov-Smirnov
test was used to check the normality (19), and showed
that neither the subjective evaluation nor the objective
evaluation followed the normal distribution. Because both
subjective and objective evaluation data were nonparametric,
Kruskal-Wallis testing was used to compare the image
quality results among the reconstruction methods. In the
subjective evaluation (visual grade analysis), we analyzed the
differences in the image reconstruction methods according
to dose and whether the pattern differed by dose using
the average scores given by the four radiologists, which
provided a reliable statistical evaluation. In the objective
evaluation (volume, diameter measurement, SNR, CNR),
differences among the image reconstruction methods were
compared using Bonferroni analyses. Intraclass correlation
coefficient ICC) analysis was used to analyze intra-observer
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Table 1 Average visual grading analysis results from four radiologists
ASIR-V DLIR
Tube input* =)
30 50 70 Low Medium High

70 kVp, 20 mAs 3.33[2, 4] 3.50[2, 4] 3.67 [3, 5] 3.75[2, 5] 4.08 [3, 5] 4.92 [4, 5] <0.001
70 kVp, 50 mAs 3.42 [3, 4] 3.75[3, 4] 4.08 [4, 5] 3.75[3, 5] 4.67 [4, 5] 5.00 [5, 5] <0.001
80 kVp, 20 mAs 3.42[3, 4] 3.83[3, 5] 4.33 [4, 5] 3.17[3, 4] 4173, 5] 4.75[4, 5] <0.001
80 kVp, 50 mAs 3.42[3, 4] 3.83[3, 5] 4.25[4, 5] 3.92[3, 5] 4.58 [3, 5] 4.83[4, 5] <0.001
100 kVp, 20 mAs 3.67 [3, 4] 3.50[3, 4] 4.42 [4, 5] 3.92 [3, 5] 4.58 [4, 5] 4.83[4, 5] <0.001
100 kVp, 50 mAs 3.67 [3, 4] 4.08 [4, 5] 417 [4, 5] 4.08 [3, 5] 4.58 [4, 5] 4.83[4, 5] <0.001
120 kVp, 20 mAs 3.50[3, 5] 3.83[3, 4] 4173, 5] 3.92[3, 5] 4.58 [4, 5] 4.83[4, 5] <0.001
120 kVp, 50 mAs 3.75[3, 4] 4.00[3, 5] 4.33 [4, 5] 4.33 [4, 5] 4.75[4, 5] 4.75[4, 5] <0.001
Total 3.63[2, 4] 3.93[2, 5] 4.24[3, 5] 3.93[2, 5] 4.54[3, 5] 4.90 [4, 5] <0.001

Evaluation results are expressed as mean [min, max]. *, CTDI, values were 0.24, 0.63, 0.38, 0.96, 0.61, 1.53, 0.99 and 2.47 mGy for (70
kVp, 20 mAs), (70 kVp, 50 mAs), (80 kVp, 20 mAs), (80 kVp, 50 mAs), (100 kVp, 20 mAs), (100 kVp, 50 mAs), (120 kVp, 2 mAs), and (120
kVp, 50 mAs), respectively; ', highest value. ASIR-V, adaptive statistical iterative reconstruction; CTDI,,, volume computerized tomography

dose index; DLIR, deep learning-based image reconstruction.

and inter-observer differences.

Results
Subjective image quality

The subjective image quality scores at various dose levels
are summarized in Table 1 and Table S1. At all dose levels,
DLIR-High and DLIR-Medium scored significantly higher
than ASiR-V30, 50, and 70 (all P<0.05). DLIR-High had
a higher score than DLIR-Low (P<0.01) and a slightly
higher average score than DLIR-Medium, but the difference
between DLIR-High and DLIR-Medium was not statistically
significant (P=0.186). ASiR-V30 and DLIR-High showed
the lowest and highest image-quality scores, respectively. As
the dose increased, most reconstruction methods tended to
have higher scores than FBP, but the differences between
those values were not large for DLIR-Medium and DLIR-
High. In all the experimental results, the interaction effect
of dose and image reconstruction method was 0.004. The
results of subjective image analysis to find the optimal dose
for the DLIR images are listed in Table 2 and Table S2. The
average dose reduction ratio [(1 - CTDIL,, of selected image/
CTDI,, of reference image) x100%] calculated based on
the CTDI,,, values of the reference and selected images
was 76.62% (70.04-81.38%), 80.87% (70.04-87.45%), and
82.19% (70.04-92.71%) for DLIR-Low, DLIR-Medium,
and DLIR-High, respectively. The doses required to produce
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DLIR images at a level similar to that of the reference
image (FBP, 2.47 mGy) were 0.46-0.74 mGy (DLIR-Low),
0.31-0.74 mGy (DLIR-Medium), and 0.18-0.74 mGy
(DLIR-High).

Objective image quality

The measurement results for SNR and CNR are shown in
Table 3 and Figure 2. Under the same-dose conditions, SNR
was higher with DLIR-High and DLIR-Medium than with
FBP and all ASiR-V methods (all P<0.05); however, DLIR-
Low did not show any significant difference from FBP or
any ASiR-V method (all P>0.05). For CNR, DLIR-High was
significantly higher than FBP and all ASiR-V methods (all
P<0.05), but DLIR-Low and DLIR-Medium did not differ
from the ASiR-V methods (all P>0.05).

The results for the volume and diameter measured for
the 12 mm solid nodule are shown in Table 3. The nodule
volume automatically measured by the fixed algorithm was
significantly closer to the real volume in the DLIR-High
image than those with FBP or any ASiR-V method (all
P<0.001). DLIR-Low and DLIR-Medium were also closer
to the real volume than the other methods (all ASiR-V vs.
DLIR-Low, DLIR-Medium, P<0.001 and FBP vs. DLIR-
Low, DLIR-Medium, P<0.01). In measuring the nodule
diameter using the automatic measurement method, all
DLIR images were significantly closer to the real diameter
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Table 2 Visual grading analysis to find optimal dose for DLIR images

Jung et al. DLIR for a LDCT

Test Reconstruction Tube potential  Tested tube current Selected tube current*  CTDI,,, of selected  Dose reduction ratio’
mode (kVp) (mAs) (mAs) image (mGy) (%)
1 DLIR-L 70 15, 20, 25, 50 50 0.63 74.49
2 DLIR-L 80 15, 20, 25, 50 25 0.48 80.57
3 DLIR-L 100 15, 20, 25, 50 15 0.46 81.38
4 DLIR-L 120 15, 20, 25, 50 15 0.74 70.04
5 DLIR-M 70 15, 20, 25, 50 25 0.31 87.45
6 DLIR-M 80 15, 20, 25, 50 20 0.38 84.62
7 DLIR-M 100 15, 20, 25, 50 15 0.46 81.38
8 DLIR-M 120 15, 20, 25, 50 15 0.74 70.04
9 DLIR-H 70 15, 20, 25, 50 15 0.18 92.71
10 DLIR-H 80 15, 20, 25, 50 20 0.38 84.62
11 DLIR-H 100 15, 20, 25, 50 15 0.46 81.38
12 DLIR-H 120 15, 20, 25, 50 15 0.74 70.04

The CTDI,,, of the reference image used in this experiment was 2.47 mGy with FBP at a tube current of 50 mAs and tube potential of 120
kVp. *, refers to the mAs value at which the average value of the four evaluators’ grading scores is greater than three; ', dose reduction
ratio is defined as (1 — CTDI,,, of selected image/CTDI,,, of reference image) x100%. DLIR, deep learning-based image reconstruction;
CTDl,,,, computerized tomography dose index volume; L, low; M, medium; H, high.

Table 3 Summary of SNR, CNR, and nodule measurements with different reconstruction methods and dose levels

Reconstruction

Tube input (kVp/mAs)

SNR, mean/SD

CNR, mean/SD

Volume, mean (95% ClI)

Diameter, mean (95% Cl)

FBP

ASIR-V30

70/15
70/20
70/25
80/15
80/20
80/25
70/15
70/20
70/25
80/15
80/20
80/25

0.84/0.03
0.76/0.02
0.82/0.03
1.00/0.01
1.14/0.03
1.15/0.04
0.94/0.02
0.91/0.02
0.96/0.03
1.24/0.01
1.26/0.02
1.29/0.03

21.56/0.21
22.89/0.19
22.41/0.22
21.33/0.15
20.29/0.21
21.46/0.22
31.28/0.24
32.73/0.11
33.17/0.21
33.03/0.31
34.33/0.07
34.77/0.25

887.9 (887.658, 888.142)
888.2 (887.958, 888.442)
893.4 (893.156, 893.644)
887.6 (887.358, 887.842)
892.3 (892.057, 892.544)
892.0 (891.757, 892.243)
886.7 (886.458, 886.942)
887.3 (887.058, 887.542)
892.5 (892.256, 892.744)
888.5 (888.258, 888.742)
891.1 (890.857, 891.343)
891.1 (890.857, 891.343)

11.92 (11.919, 11.921)
11.93 (11.929, 11.931)
11.95 (11.949, 11.951)
11.92 (11.919, 11.921)
11.94 (11.939, 11.941)
11.94 (11.939, 11.941)
11.92 (11.919, 11.921)
11.92 (11.919, 11.921)
11.95 (11.949, 11.951)
11.98 (11.929, 11.931)
11.94 (11.939, 11.941)
11.94 (11.939, 11.941)

Table 3 (continued)
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Reconstruction

Tube input (kVp/mAs)

SNR, mean/SD

CNR, mean/SD

Volume, mean (95% ClI)

Diameter, mean (95% Cl)

ASIR-V50 70/15 1.04/0.03 35.28/0.31 887.0 (886.758, 887.242) 11.92 (11.919, 11.921)
70/20 0.99/0.01 36.39/0.15 886.7 (886.458, 886.942) 11.92 (11.919, 11.921)
70/25 1.06/0.05 37.67/0.24 892.5 (892.256, 892.744) 11.95 (11.949, 11.951)
80/15 1.36/0.02 36.94/0.33 887.6 (887.358, 887.842) 11.92 (11.919, 11.921)
80/20 1.38/0.03 40.01/0.17 890.5 (890.257, 890.743) 11.94 (11.939, 11.941)
80/25 1.42/0.03 41.54/0.22 890.5 (890.257, 890.743) 11.94 (11.939, 11.941)
ASIR-V70 70/15 1.12/0.01 40.01/0.33 887.0 (886.758, 887.242) 11.92 (11.919, 11.921)
70/20 1.09/0.03 42.81/0.17 885.5 (885.258, 885.742) 11.91 (11.909, 11.911)
70/25 1.12/0.02 42.59/0.26 891.4 (891.157, 891.643) 11.94 (11.939, 11.941)
80/15 1.51/0.04 42.82/0.11 887.3 (887.058, 887.542) 11.92 (11.919, 11.921)
80/20 1.52/0.01 47.45/0.24 891.1 (890.857, 891.343) 11.94 (11.939, 11.941)
80/25 1.57/0.03 47.70/0.08 890.8 (890.557, 891.043) 11.94 (11.939, 11.941)
DLIR-L 70/15 1.03/0.02 30.85/0.17 893.4 (893.156, 893.644) 11.95 (11.949, 11.951)
70/20 1.04/0.02 32.52/0.28 895.8 (895.556, 896.044) 11.96 (11.959, 11.961)
70/25 1.12/0.01 33.74/0.25 899.0 (898.755, 899.245) 11.97 (11.969, 11.971)
80/15 1.47/0.02 35.64/0.11 890.8 (890.557, 891.043) 11.94 (11.939, 11.941)
80/20 1.55/0.01 37.18/0.21 894.6 (894.356, 894.844) 11.95 (11.949, 11.951)
80/25 1.62/0.02 38.23/0.17 895.5 (895.256, 895.744) 11.96 (11.959, 11.961)
DLIR-M 70/15 1.31/0.05 41.11/0.27 893.4 (893.156, 893.644) 11.95 (11.949, 11.951)
70/20* 1.36/0.03 43.17/0.31 897.1 (896.904, 897.394) 11.97 (11.964, 11.966)
70/25 1.43/0.02 44.48/0.18 897.5 (897.255, 897.745) 11.97 (11.969, 11.971)
80/15 1.93/0.01 48.11/0.15 892.3 (892.057, 892.544) 11.94 (11.939, 11.941)
80/20 2.07/0.01 50.17/0.28 895.5 (895.256, 895.744) 11.96 (11.959, 11.961)
80/25 2.22/0.01 51.78/0.21 895.2 (894.956, 895.444) 11.96 (11.959, 11.961)
DLIR-H 70/15 2.21/0.03 66.01/0.33 896.9 (896.655, 897.145) 11.97 (11.969, 11.971)
70/20 2.26/0.04 70.15/0.28 897.8 (897.555, 898.045) 11.97 (11.969, 11.971)
70/25 2.42/0.02 74.05/0.18 901.0 (900.754, 901.246) 11.98 (11.979, 11.981)
80/15 3.31/0.01 77.22/0.15 893.3 (893.056, 893.544) 11.95 (11.949, 11.951)
80/20 3.53/0.01 82.35/0.32 899.0 (898.755, 899.245) 11.97 (11.969, 11.971)
80/25 3.74/0.02 85.67/0.17 900.1 (899.854, 900.346) 11.98 (11.979, 11.981)

*, volume and diameter were measured twice by each of two physicians in a semi-automatic manner, and no inter-observer variability
occurred except with DLIR-M at 70 kVp and 20 mAs. ClI, confidence interval; FBP, filtered back-projection; ASiR-V, adaptive statistical
iterative reconstruction; DLIR, deep learning-based image reconstruction; L, low; M, medium; H, high; SNR, signal to noise ratio; CNR,
contrast to noise ratio; SD, standard deviation.

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2023;13(3):1937-1947 | https://dx.doi.org/10.21037/qims-22-618



1944

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

‘.;-::::*

FBP ASIR-V30 ASIR-V50

—&— 70 kVp/15 mAs

-=®-- 80 kVp/15 mAs

90
80
70
60
50
40
30

20
FBP

ASiR-V30

ASIR-V50

—8— 70 kVp/15 mAs

==0-~ 80 kVp/15 mAs

Figure 2 SNR and CNR measurements according to image recons

—&— 70 kVp/20 mAs

~-=®-~ 80 kVp/20 mAs

—&— 70 kVp/20 mAs

~=®-~ 80 kVp/20 mAs

Jung et al. DLIR for a LDCT

SNR

T

ASIR-V70

DLIR-L DLIR-M DLIR-H

—&— 70 kVp/25 mAs

-=®-~-80 kVp/25 mAs

CNR

ASIR-V70 DLIR-L DLIR-M DLIR-H

—8— 70 kVp/25 mAs

-=®-- 80 kVp/25 mAs

truction method at various doses. In the FBP reference image, scanned at

120 kVp, 50 mAs, the SNR =1.92 and CNR =42.55. ASiR-V, adaptive statistical iterative reconstruction, DLIR, deep learning-based image
reconstruction; L, low; M, medium; H, high; SNR, signal to noise ratio; CNR, contrast to noise ratio; FBP, filtered back-projection.

than were FBP or any ASiR-V image (all P<0.001). In
particular, in the semi-automatically measured volumes and
diameters, we confirmed that the average MER of DLIR-
Low, -Medium, and -High was higher than that of the
reference image (120 kVp, 50 mAs) at a higher dose (7able 4).
In the semi-automatic measurement of the nodule volume,
we found no intra-observer variability (ICC =1), and all but
two of the inter-observer measurements were consistent
(ICC =0.9825 at 70 kVp, 20 mAs and ICC =0.9995
at 80 kVp, 15 mAs). In the semi-automatic diameter
measurement, there was no intra-observer variability
(ICC =1), and the inter-observer measurements were mostly

consistent (ICC =0.9885 at 70 kVp, 20 mAs).

Discussion

Preserving image quality while reducing radiation dose is

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

important because of the increased use of LDCT scans (20).
Various attempts have been made to reduce the radiation
dose from CT imaging by lowering the tube current
and voltage, implementing automatic exposure control,
reducing the number of radiation projections, imaging
filtering, and development of efficient image reconstruction
methods (21-29).

In this study, we confirmed that the DLIR technique
quantitatively and qualitatively improves the image quality of
low-dose chest CT images compared with the conventional
FBP and IR techniques. The subjective evaluation
confirmed that the DLIR images were consistently superior
to the conventional FBP and IR images under various
dose conditions (0.24 to 2.47 mGy). In the subjective
analysis, DLIR images using a lower dose [DLIR-Low
(0.46-0.74 mGy), DLIR-Medium (0.31-0.74 mGy), and
DLIR-High (0.18-0.74 mGy)] had quality comparable to
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Table 4 Measured value versus the real value of the nodule

ASIR-V DLIR
Variables FBP Reference*
30 50 70 Low Medium High
MER, oiume 96.73 97.21 97.94 98.24 98.90 98.94 99.25 98.74 [98.74, 98.74]

[96.44, 97.08] [97.54,96.90] [98.31, 97.67] [98.52, 97.87] [99.36, 98.45] [99.20, 98.62] [99.58, 98.73]

MER giameter 96.94 98.19 98.60 99.40

99.63 99.65 99.75 99.58 [99.58, 99.58]

[97.08, 96.83] [98.33,98.08] [98.75, 98.50] [99.50, 99.25] [99.75, 99.50] [99.75, 99.50] [99.83, 99.58]

The MER results are expressed as mean [max, min]. *, 2.47 mGy with FBP at a tube current of 50 mAs and tube potential of 120 kVp.
MER,oume = [Mmeasured volume/actual volume| x100%; MERmeter = [Measured diameter/actual diameter| x100%. MER, measurement error
ratio; FBP, filtered back-projection; ASiR-V, adaptive statistical iterative reconstruction; DLIR, deep learning-based image reconstruction.

that of the reference FBP (2.47 mGy) image. We found that a
dose of 0.24 mGy (70 kV and 20 mAs) would be appropriate
for LDCT when the DLIR-High technique was applied,
which is 92.7% of radiation dose reduction compared
to the reference radiation dose of 2.47 mGy. The image
quality tendency obtained through subjective evaluation was
objectively supported by the SNR, CNR, nodule diameter,
and nodule volume values obtained using an automatic
measurement algorithm.

Because dose reduction alters image quality, it is
crucial to find a proper balance between dose reduction
and diagnostic performance. Our experimental results
are crucial to understand the effects of acquisition and
reconstruction parameters on required dose and image
quality. DLIR reconstruction could improve image
quality in terms of image noise, SNR, and CNR and allow
clinicians to obtain values similar to those obtained with
the reference, higher-dose CT protocol. The quantitative
noise evaluation and image quality with the DLIR method
found in our study have been reported in other studies
(15-17,30-34). Those studies showed image quality
evaluation results according to the image reconstruction
method under various dose conditions. However, our
study aim was to find the low-dose condition (level) for
DLIR images usable in actual clinical practice and to
evaluate various image reconstruction methods in low-
dose conditions. Because our study used a phantom, the
environment was not that of the actual clinical image.
However, because CT scans of various doses cannot be
performed multiple times on actual patients, our results
have value.

A potential concern when screening for lung cancer
is that changes in the apparent shape of a nodule caused
by differences in the dose and image reconstruction
method could have a net effect on the final Lung Image
Reporting and Data System coding and subsequent patient

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

management. In this study, the nodule measurement results
using an automated algorithm showed that the low-dose
DLIR images did not change the shapes of structures such
as nodules compared with those of the sufficient-dose
FBP and IR images. In other words, the DLIR approach
can further reduce the patient dose to ultra-low levels,
improving the safety profile of lung cancer screening
examinations without sacrificing screening or diagnostic
performance.

Our study has several limitations. First, only phantom
experiments were performed, with no clinical verification.
Because one of our main goals in this study was to compare
images of a single object obtained using various doses, we
used the phantoms. Clinical studies should be performed
using the optimal dose level for DLIR imaging identified
in this study. Second, our quantitative evaluation in this
study used only a solid nodule with a diameter of 12 mm.
We made that choice because nodules smaller than 12 mm
and the sub-solid and pure nodules produced segmentation
failure or unreliable segmentation results. Third, our
study was conducted using a specific equipment company’s
DLIR method, and we did not compare its performance
against methods or equipment from other companies.
Currently, two CT manufacturers have commercialized
DLIR reconstruction technology, and the DLIRs of the two
manufacturers have different characteristics. The DLIR
used in this study is trained using high-dose FBP images,
and the other manufacturer’s method uses model-based
reconstruction images as training data. Therefore, the
characteristics of the two image reconstruction methods are
likely to differ.

In conclusion, the DLIR technique quantitatively and
qualitatively improved the image quality from LDCT scans
at a lower radiation dose than required by the conventional
FBP and IR techniques. It was possible to reduce the
radiation dose of 2.47 mGy by about 74.5% (DLIR-Low),
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87.5% (DLIR-Medium), and 92.7% (DLIR-High) using
the DLIR technique without compromising image quality.
We found that a dose of 0.24 mGy (70 kV and 20 mAs)
would be the appropriate effective radiation dose for LDCT
when using the DLIR-High technique. This method can be
used to reduce the radiation burden of periodic lung cancer
screening examinations.
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