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OBJECTIVE.7KHREMHFWLYHRIRXUVWXG\ZDVWRDVVHVVWKHHIIHFWRIWKHFRPELQDWLRQRI
deep learning–based denoising (DLD) and iterative reconstruction (IR) on image quality and
Lung Imaging Reporting and Data System (Lung-RADS) evaluation on chest ultra-low-dose
CT (ULDCT).
MATERIALS AND METHODS. Forty-one patients with 252 nodules were evaluated retrospectively. All patients underwent ULDCT (mean ± SD, 0.19 ± 0.01 mSv) and standard-dose CT (SDCT) (6.46 ± 2.28 mSv). ULDCT images were reconstructed using hybrid
iterative reconstruction (HIR) and model-based iterative reconstruction (MBIR), and they
were postprocessed using DLD (i.e., HIR-DLD and MBIR-DLD). SDCT images were reconVWUXFWHGXVLQJÀOWHUHGEDFNSURMHFWLRQ7KUHHLQGHSHQGHQWUDGLRORJLVWVVXEMHFWLYHO\HYDOXDWHG
HIR, HIR-DLD, MBIR, and MBIR-DLD images on a 5-point scale in terms of noise, streak
artifact, nodule edge, clarity of small vessels, homogeneity of the normal lung parenchyma,
and overall image quality. Two radiologists independently evaluated the nodules according to
Lung-RADS using HIR, MBIR, HIR-DLD, and MBIR-DLD ULDCT images and SDCT imDJHV7KHPHGLDQVFRUHVIRUVXEMHFWLYHDQDO\VLVZHUHDQDO\]HGXVLQJ:LOFR[RQVLJQHGUDQN
test with Bonferroni correction. Intraobserver agreement for Lung-RADS category between
8/'&7DQG6'&7ZDVHYDOXDWHGXVLQJWKHZHLJKWHGNDSSDFRHIÀFLHQW
RESULTS. ,Q WKH VXEMHFWLYH DQDO\VLV 8/'&7 ZLWK '/' VKRZHG VLJQLÀFDQWO\ EHWWHU
scores than did ULDCT without DLD (p < 0.001), and MBIR-DLD showed the best scores
among the ULDCT images (p < 0.001) for all items. In the Lung-RADS evaluation, HIR
showed fair or moderate agreement (reader 1 and reader 2: țw = 0.46 and 0.32, respectively);
MBIR, moderate or good agreement (țw = 0.68 and 0.57); HIR-DLD, moderate agreement
(țw = 0.53 and 0.48); and MBIR-DLD, good agreement (țw = 0.70 and 0.72).
CONCLUSION. DLD improved the image quality of both HIR and MBIR on ULDCT.
MBIR-DLD was superior to HIR_DLD for image quality and for Lung-RADS evaluation.

A

s CT has become common in
medical practice, radiation exposure has increased markedly.
There is a worldwide need to optimize the radiation dose to the patient according to the principle of as low as reasonably achievable (ALARA) [1]. In conventional
ÀOWHUHGEDFNSURMHFWLRQ )%3 UHFRQVWUXFWLRQ
of CT images, there is a trade-off between
image quality and radiation dose; however,
recent iterative reconstruction (IR) techQLTXHVKDYHHQDEOHGDVLJQLÀFDQWGHFUHDVHLQ
radiation dose without degrading image
quality [2–12]. Investigators have reported
that IR images from ultra-low-dose CT
(ULDCT), for which the radiation dose is
equivalent to a chest radiograph, are feasible
for several purposes [13–18].

Hybrid iterative reconstruction (HIR)
and model-based iterative reconstruction
(MBIR) are available clinically. MBIR is a
pure IR algorithm that considers system statistics and system optics and is more mathematically complex than HIR. It is generally accepted that compared with CT images
with FBP and HIR, CT images with MBIR
have less noise, improved spatial resolution, and increased contrast resolution [2,
7]. However, MBIR requires an additionDOYHQGRUVSHFLÀFUHFRQVWUXFWLRQXQLWDQGD
lengthy reconstruction time, which may interfere with clinical practice.
$UWLÀFLDO LQWHOOLJHQFH WHFKQRORJLHV VXFK
as deep learning are recently emerged techniques that are being applied across various
areas [19–21]. The deep learning technique
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is suitable for image postprocessing to decrease noise and enhance image quality. Investigators have reported that deep learning–
EDVHG GHQRLVLQJ '/'  VLJQLÀFDQWO\ UHGXFHV
image noise and improves the signal-to-noise
and contrast-to-noise ratios on pelvic CT [22].
DLD is developed using huge amounts of
high-dose and low-dose data, a high-performance graphics processing unit (GPU), and
a long training time. After development, a
DLD technique can then be implemented on
a computer without a GPU and can process
images rapidly. Because the processing is image-based, it does not require raw CT data. In
contrast, IR is a raw data–based technique. Although these two techniques are quite different, they can be used simultaneously. However, no studies, to our knowledge, have reported
the application of DLD in combination with IR
in ULDCT for clinical use. In particular, it is
not known which technique is more advantageous for the preprocessing base image: MBIR
or HIR. If HIR with DLD (HIR-DLD) shows
good enough performance, HIR-DLD will be
more useful in clinical practice than MBIR
with DLD (MBIR-DLD) because of the short
reconstruction and image-processing time.
Lung cancer screening can be given as an
example of when the IR and DLD technology may be helpful. The National Lung Screening Trial found that low-dose CT screening reduces mortality from lung cancer [23], which
LVDPDMRUFDXVHRIGHDWKLQWHUQDWLRQDOO\$Fcordingly, demand for lung cancer screening
CT at a low dose is increasing. The American
College of Radiology has published a quality assurance tool termed the Lung Imaging
Reporting and Data System (Lung-RADS).
Lung-RADS is designed to standardize the reporting of CT screening for lung cancer and
management recommendations and to facilitate outcome monitoring [24]. Lung-RADS
uses categories to differentiate high-risk nodules from low-risk nodules according to nodule type, nodule size, and growth. It is challenging to detect nodules with subsolid (i.e.,
part solid and nonsolid) types clearly on CT
images obtained at a low radiation dose because of their low contrast and small structure.
The purpose of this study was to assess the
effect of the combination of DLD and IR on
image quality and Lung-RADS evaluation
on chest ULDCT.
Materials and Methods
Patients
This retrospective study was approved by the
institutional review board at Osaka University
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Graduate School of Medicine. All patients gave
written informed consent for the use of their CT
data for research. Standard-dose CT (SDCT) and
ULDCT data were available for 41 patients who
were scanned between January 2016 and February 2017. The CT scans were obtained for followup of pulmonary subsolid nodules. The ULDCT
scans were originally acquired for other research
regarding image quality with MBIR. The age and
body mass index (BMI [weight in kilograms divided by the square of height in meters]) of each
patient were recorded. Data from 21 patients have
been previously reported in a separate study that
evaluated the effect of IRs on emphysema quantiÀFDWLRQ>@

FBP and HIR images of various settings were similar to each other and the postprocessed MBIR images with RP20 and Stnd settings were similar to
each other.
The ULDCT scans of all patients were reconstructed using HIR with 30% blending setting
(HIR set) and MBIR with RP20 (MBIR set). Both
image sets were postprocessed using the DLD
algorithm (HIR-DLD set and MBIR-DLD set).
SDCT scans were reconstructed using FBP with a
sharp kernel (SDCT set). ULDCT and SDCT images were reconstructed with a thickness of 0.625
mm, matrix size of 512 × 512, and FOV of 34.5 ×
 FP ,Q WRWDO ZH REWDLQHG ÀYH LPDJH VHWV
HIR, MBIR, HIR-DLD, MBIR-DLD, and SDCT.

CT Acquisition and Image Reconstruction

Subjective Image Analysis

All CT images were obtained using an MDCT
scanner (Discovery CT750HD, GE Healthcare).
Unenhanced CT was performed at a standard dose
and at an ultra low dose. The SDCT scan was obWDLQHG ÀUVW IROORZHG LPPHGLDWHO\ E\ DQ 8/'&7
scan obtained in a separate breath-hold. SDCT was
performed using a routine clinical protocol with automatic tube current modulation. ULDCT was performed with a tube current of 10 mA. Otherwise,
the protocols for SDCT and ULDCT were identical: tube voltage, 120 kVp; gantry rotation period,
0.4 second; detector collimation, 0.625 mm; detector pitch, 0.984; and non–high-resolution mode
with 984 views per rotation. All examinations
were performed with the patient in the supine position at end-inspiration. The volume CT dose index
(CTDIvol) and dose-length product (DLP) were recorded for all CT examinations, and effective dose
(' ZDVFDOFXODWHGXVLQJDFRQYHUVLRQFRHIÀFLHQW
(0.014 mSv/mGy × cm) for chest CT [25].
ULDCT was reconstructed using HIR
(Adaptive Statistical Iterative Reconstruction
[ASiR], GE Healthcare) and MBIR (Veo 3.0,
GE Healthcare) with a thickness of 0.625 mm, matrix size of 512 × 512, and FOV of 34.5 × 34.5 cm.
To enable preliminary evaluation, the ULDCT
scans of two patients were reconstructed using
FBP with a sharp kernel; HIR with blending settings of 30%, 60%, and 100%; and MBIR with
lung (RP20) and standard (Stnd) settings. The
53VHWWLQJLVXVHGVSHFLÀFDOO\WRSURYLGHKLJK
resolution images for lung evaluation, whereas the
Stnd (normal) setting is used for imaging the head,
mediastinum, and abdomen [26].
The reconstructed images were processed with
commercially available software using a DLD algorithm (PixelShine, AlgoMedica). The principal investigator (7 years of radiology experience)
evaluated the images and chose HIR with the 30%
blending setting and MBIR with the RP20 setting
for further evaluations because the postprocessed

The principal investigator reviewed the SDCT
LPDJHVHWVDQGLGHQWLÀHGWKHODUJHVWVXEVROLGQRGule for each patient. Images at the slice showing the
maximum diameter of the nodule were extracted.
ULDCT images at the same slice level were also
obtained. In total, 205 evaluation images (5 reconstructions per patient for 41 patients) were obtained
IRU VXEMHFWLYH DQDO\VLV ,Q DGGLWLRQ DQ DQWKURSRmorphic thoracic CT phantom (N1 Lungman, Kyoto Kagaku) containing a ground-glass nodule was
scanned on the same CT unit, and these scans were
used as the reference standard images. Three scans
were obtained at different tube current settings:
10 mA (minimum tube current), 75 mA (30 mAs,
which is common for low-dose CT [LDCT]), and
390 mA (maximum tube current). All other CT protocols were the same as for the patient scans. Images were reconstructed using FBP with a sharp kernel. The slices at the level of the carina were used as
the reference standard.
Three chest radiologists (27, 18, and 4 years
of radiology experience, respectively) indepenGHQWO\ DQG VXEMHFWLYHO\ DQDO\]HG WKH HYDOXDWLRQ
images on a 3-megapixel 21-inch (53-cm) monochrome liquid crystal display monitor. All images
were displayed at a window level of –600 HU and
a window width of 1500 HU.
The observers were blinded to the image reconstruction type and the CT protocol used for each
image, and they compared each evaluation image
with the reference standard images. Noise, streak
artifact, clarity of small vessels, nodule edge, homogeneity of normal lung parenchyma, and overall image quality were graded using the following 5-point scale: 5, equivalent or superior to the
390-mA reference standard image; 4, inferior to a
score of 5 but superior to a score of 3; 3, equivalent
to the 75-mA reference standard image; 2, inferior
to a score of 3 but superior to a score of 1; and 1,
equivalent or inferior to the 10-mA reference standard image. The areas in which the radiologists
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should evaluate small vessels, nodule edge, and
homogeneity of normal lung parenchyma were indicated on a hard-copy SDCT image.

vestigator measured both the long-axis and shortaxis dimensions of the nodule on SDCT and calculated the mean diameter of each nodule.

Lung-RADS Evaluation

Statistical Analysis

The principal investigator reviewed the SDCT
LPDJHVHWDQGLGHQWLÀHGDOOQRGXOHVLQFOXGLQJVROid tiny nodules. Two chest radiologists (readers 1
and 2 with 23 and 3 years of radiology experience,
respectively) independently evaluated the nodules
on the HIR, MBIR, HIR-DLD, MBIR-DLD, and
SDCT image sets. The two readers were blinded to
the reconstruction techniques. The SDCT images
were printed on paper, and the paper was used to indicate the location of the nodules to the readers. In
the images on the paper, the nodules were masked
because it would affect the readers’ decision.
Two radiologists categorized the nodules according to Lung-RADS version 1.0 criteria [23].
All image sets were considered as baseline screenLQJVFDQV:HGLGQRWXVHFDWHJRU\;LQRXUVWXG\
EHFDXVHLWLVEDVHGRQVXEMHFWLYHPRUSKRORJLFFULteria other than nodule type and size [27]. Nodules
WKDWFRXOGQRWEHLGHQWLÀHGLQWKHHYDOXDWLRQLPDJes were categorized as 1. The nodule type (i.e., solLG SDUWVROLG QRQVROLG RU XQLGHQWLÀHG  ZDV DOVR
recorded. After evaluation by the readers 1 and 2,
the principal investigator reviewed the SDCT results. If there was any discrepancy in results between readers 1 and 2, the principal investigator
reviewed and categorized the SDCT image again,
DQG WKH ÀQDO UHVXOW ZDV FRQVLGHUHG WKH UHIHUHQFH
standard. To evaluate nodule size, the principal in-

All statistical analyses were performed using R
software (version 3.4.1, R Foundation for StatistiFDO&RPSXWLQJ ,QWKHVXEMHFWLYHDQDO\VLVWKHPHdian values of the three radiologists’ scores were
analyzed statistically. Differences in scores among
WKHIRXUUHFRQVWUXFWLRQVZHUHWHVWHGXVLQJWKH:LOcoxon signed rank test, which was conducted with
a Bonferroni correction for multiple comparisons.
For the Lung-RADS evaluation, intraobserver
agreement of Lung-RADS categories between
SDCT and ULDCT was assessed with a weightHGNDSSDFRHIÀFLHQW țw) for each radiologist. Interobserver agreement was also evaluated for each
reconstruction method. Regarding nodules that
ZHUH QRW LGHQWLÀHG RQ 8/'&7 WKH QRGXOH W\SH
and Lung-RADS category on the reference standard were assessed to identify the characteristics
RIWKRVHQRGXOHV7KHVWDWLVWLFDOVLJQLÀFDQFHRIWKH
QXPEHU RI XQLGHQWLÀHG QRGXOHV RQ 8/'&7 ZDV
assessed using the McNemar test.
7RHYDOXDWHWKHGHWHFWDELOLW\RIVLJQLÀFDQWQRGXOHV VHQVLWLYLW\ DQG VSHFLÀFLW\ ZHUH HYDOXDWHG IRU
each reconstruction method, and nodules of category 3 or higher on the reference standard were considered positive [23]. An ROC curve analysis was used
to determine area under the ROC curves (AUC) of
each reconstruction. The two AUCs were compared
with each other by the DeLong method [28].

A p value of < 0.05 and a Bonferroni-corrected p value of < 0.0083 (0.05 / 6) were considered
VLJQLÀFDQW:HFDWHJRUL]HGWKHZHLJKWHGNDSSDDV
follows: poor (0 < țZ IDLU țZ
0.40), moderate (0.40 < țZ JRRG 
țZ DQGH[FHOOHQW țZ >@

Results
Patient Demographic and Clinical
Characteristics and Radiation Dose
The patient demographic characteristics
were as follows: 17 men and 24 women with
a mean age of 68.5 years (age range, 42–83
years). The mean BMI was 21.7 (range, 17.4–
 $WRWDORIQRGXOHVZHUHLGHQWLÀHG
in 41 patients on SDCT.
For SDCT, mean CTDIvol, mean DLP,
and mean ED were 11.14 ± 3.63 (SD) mGy,
461.19 ± 162.88 mGy × cm, and 6.46 ±
2.28 mSv, respectively. For ULDCT, mean
CTDIvol, mean DLP, and mean ED were
0.32 ± 0.00 mGy, 13.22 ± 0.92 mGy × cm,
and 0.19 ± 0.01 mSv.
Subjective Image Analysis
Table 1 lists the mean scores of the subMHFWLYH DQDO\VHV )RU DOO LWHPV +,5'/'
VFRUHG VLJQLÀFDQWO\ EHWWHU WKDQ +,5 DQG
0%,5'/' VFRUHG VLJQLÀFDQWO\ EHWWHU WKDQ
MBIR (p < 0.001). MBIR-DLD scored the
best among the ULDCT images for all items
(p < 0.001; Fig. 1). Regarding overall image
quality, the mean score of MBIR-DLD was

TABLE 1: Comparison of Subjective Scores Among Ultra-Low-Dose CT (ULDCT) Reconstruction Techniques
ULDCT Reconstruction

Noise

Streak Artifact

Clarity of Small
Vessels

Nodule Edge

Homogeneity of Normal Lung
Parenchyma

Overall Image
Quality

Scorea (mean ± SD)
HIR

1.0 ± 0.0

1.0 ± 0.0

1.0 ± 0.0

1.0 ± 0.2

1.0 ± 0.0

1.0 ± 0.0

MBIR

4.2 ± 0.5

4.3 ± 0.6

2.4 ± 0.5

2.6 ± 0.7

2.0 ± 0.2

2.6 ± 0.6

HIR-DLD

3.4 ± 0.5

2.3 ± 0.6

2.0 ± 0.6

2.4 ± 0.9

2.7 ± 0.6

2.5 ± 0.6

MBIR-DLD

4.9 ± 0.3

5.0 ± 0.0

3.3 ± 0.5

3.5 ± 0.7

3.6 ± 0.5

4.0 ± 0.6

HIR vs MBIR

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

HIR vs HIR-DLD

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

HIR vs MBIR-DLD

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

MBIR vs HIR-DLD

< 0.001c

< 0.001c

< 0.001c

0.218

< 0.001c

0.385

MBIR vs MBIR-DLD

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

HIR-DLD vs MBIR-DLD

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

< 0.001c

pb

Note—HIR = hybrid iterative reconstruction, MBIR = model-based iterative reconstruction, HIR-DLD = HIR with deep learning–based denoising (DLD), MBIR-DLD = MBIR
with DLD.
aThe following 5-point scale was used: 5, equivalent or superior to the 390-mA reference standard image; 4, inferior to a score of 5 but superior to a score of 3; 3,
equivalent to the 75-mA reference standard image; 2, inferior to a score of 3 but superior to a score of 1; and 1, equivalent or inferior to the 10-mA reference standard
image.
bThe differences in scores among the reconstructions were assessed using Wilcoxon signed rank test.
cDifference is statistically signiﬁcant. A Bonferroni-corrected p value of < 0.0083 (0.05 / 6) was considered signiﬁcant.
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A

D

B

E

Fig. 1—75-year-old man with nonsolid nodule. Body mass index is 20.8.
A–E, Axial standard-dose CT (SDCT) image (A) and axial ultra-low-dose CT (ULDCT) images reconstructed
using hybrid iterative reconstruction (HIR) (B), HIR with deep learning–based denoising (DLD) (HIR-DLD) (C),
model-based iterative reconstruction (MBIR) (D), and MBIR with DLD (MBIR-DLD) (E). Severe noise is apparent
in HIR (B) and is signiﬁcantly improved in HIR-DLD (C), MBIR (D), and MBIR-DLD (E). Streak artifact is present
in HIR (B) and HIR-DLD (C) and affects visibility of nodule (arrows). However, streak artifact is not seen in MBIR
images (D and E). Circles show normal lung area without emphysema. In SDCT image (A), this area appears
normal (circle, A). In MBIR image (D), this area shows inhomogeneity suggestive of emphysema (circle, D).
Although this area (circle, C) is homogeneous in HIR-DLD image (C), visibility of small vessels is degraded.
In MBIR-DLD image (E), appearance of area (circle, E) seen as artiﬁcial inhomogeneity in MBIR image (D) is
improved without reduction in visibility of small vessels. MBIR-DLD shows best overall image quality among
ULDCT images.

4.0, indicating an overall image quality superior to the 75-mA (LDCT) reference standard
image. Scores of noise, streak artifact, and the
clarity of small vessels for HIR-DLD were
VLJQLÀFDQWO\ EHWWHU WKDQ WKRVH IRU +,5 EXW
were worse than those for MBIR (p < 0.001).
The homogeneity of normal lung parenchyma for HIR-DLD was better than for MBIR
(p < 0.001; Fig. 2). Regarding nodule edge and
RYHUDOOLPDJHTXDOLW\WKHUHZDVQRVLJQLÀFDQW
difference between MBIR and HIR-DLD.
Lung-RADS Evaluation
Nodule characteristics on the reference
standard, the results of intraobserver agreement and interobserver agreement, and charDFWHULVWLFV RI QRGXOHV FODVVLÀHG DV XQLGHQWLÀHGRQ8/'&7DUHVXPPDUL]HGLQ7DEOHV
3, and 4, respectively.
Intraobserver agreements between HIR
and SDCT were fair or moderate (reader 1
and reader 2: țw = 0.46 and 0.32, respectively); between MBIR and SDCT, moderate
or good (țw = 0.68 and 0.57); between HIRDLD and SDCT, moderate (țw = 0.53 and
0.48); and between MBIR-DLD and SDCT,
good (țw = 0.70 and 0.72). The interob-
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server agreements between the two readers
were moderate for HIR, MBIR, and MBIRDLD and good for HIR-DLD and SDCT. For
reader 1, 57.1% (144/252), 80.6% (203/252),
64.3% (162/252), and 79.8% (201/252) of the
nodules showed the same category as SDCT
on ULDCT images with HIR, MBIR, HIRDLD, and MBIR-DLD, respectively. For
reader 2, 49.2% (124/252), 79.4% (200/252),
67.1% (169/252), and 85.3% (215/252) of the
nodules showed the same category as SDCT
on ULDCT images with HIR, MBIR, HIRDLD, and MBIR-DLD.
7KH QXPEHU RI XQLGHQWLÀHG QRGXOHV ZDV
VLJQLÀFDQWO\OHVVIRU0%,5WKDQIRU+,5 p <
0.001 for both readers; Fig. 3). HIR-DLD
VKRZHGVLJQLÀFDQWO\IHZHUXQLGHQWLÀHGQRGules than HIR (p < 0.001 for both readers).
7KHUHZDVQRVLJQLÀFDQWGLIIHUHQFHEHWZHHQ
MBIR and MBIR-DLD (p > 0.05 for both
UHDGHUV $OOQRGXOHVWKDWZHUHQRWLGHQWLÀHG
in the MBIR, HIR-DLD, or MBIR-DLD images were categorized as 2 on the reference
standard. One nodule (a part-solid nodule
with a 9.8-mm diameter) that was not identiÀHGLQWKH+,5IRUUHDGHUZDVFDWHJRUL]HG
as 3 on the reference standard. The other un-

C
LGHQWLÀHG QRGXOHV LQ WKH +,5 ZHUH FDWHJRrized as 1 or 2 on the reference standard.
For reader 1, the sensitivities of HIR,
MBIR, HIR-DLD, and MBIR-DLD were
87.5%, 93.7%, 87.5%, and 100%, respectiveO\ 7KH VSHFLÀFLWLHV IRU +,5 0%,5 +,5
DLD, and MBIR-DLD were 92.2%, 89.0%,
94.0%, and 84.5%. For reader 2, the sensitivity of HIR, MBIR, HIR-DLD, and MBIRDLD were 56.3%, 62.5%, 78.1%, and 87.5%.
7KH VSHFLÀFLW\ RI +,5 0%,5 +,5'/'
and MBIR-DLD were 99.1%, 97.7%, 95.9%,
and 95.9%. For reader 1, the AUCs for HIR,
MBIR, HIR-DLD, and MBIR-DLD were
0.899, 0.914, 0.908, and 0.923. There was
QR VLJQLÀFDQW GLIIHUHQFH LQ $8&V DPRQJ
the ULDCT reconstruction techniques
(p > 0.05). For reader 2, the AUCs for HIR,
MBIR, HIR-DLD, and MBIR-DLD were
0.777, 0.801, 0.870, and 0.917. MBIR-DLD
VKRZHG VLJQLÀFDQWO\ EHWWHU SHUIRUPDQFH
than HIR (p = 0.003). The performance of
MBIR-DLD tended to be better than that of
0%,5EXWWKHGLIIHUHQFHZDVQRWVLJQLÀFDQW
with Bonferroni correction (p = 0.02, which
LV! 7KHUHZDVQRVLJQLÀFDQWGLIIHUence among the other pairs of ULDCT images (p > 0.05).
Discussion
The results of our study show that DLD
VLJQLÀFDQWO\ LPSURYHG WKH LPDJH TXDOLW\ RI
ULDCT with IR and that the image quality of MBIR with DLD was best among the
four ULDCT techniques. In the Lung-RADS
evaluation, MBIR-DLD on ULDCT showed
better intraobserver agreement with SDCT
DQGKDGIHZHUXQLGHQWLÀHGQRGXOHVWKDQGLG
HIR-DLD. Reader 2 showed improvement in
performance values by use of DLD in both
HIR and MBIR images. Reader 1 showed
improvement in performance values by use
RI '/' LQ WKH QXPEHU RI XQLGHQWLÀHG QRGules in HIR images, but the improvement
in performance values by use of DLD was
small in MBIR images.
The analysis of image quality revealed that
QRLVH ZDV VLJQLÀFDQWO\UHGXFHGE\'/'HV-
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A

B

C
Fig. 2—73-year-old man with part-solid nodule. Body
mass index is 23.5.
A–E, Axial standard-dose CT (SDCT) image (A)
and axial ultra-low-dose CT (ULDCT) images
reconstructed using hybrid iterative reconstruction
(HIR) (B), HIR with deep learning–based denoising
(DLD) (HIR-DLD) (C), model-based iterative
reconstruction (MBIR) (D), and MBIR with DLD
(MBIR-DLD) (E). Black circles show normal lung
area without emphysema. In SDCT image (A), this
area (black circle, A) appears normal. In MBIR image
(D), there is inhomogeneity in this area that falsely
suggests emphysema (black circle, D). However,
in MBIR-DLD image (E), appearance of artiﬁcial
inhomogeneity is improved (black circle, E). True
emphysematous lesion (white circles) is detectable in
SDCT (A) and MBIR-DLD (E) images but is indistinct
in HIR-DLD image (C).

D

E

pecially noise in the HIR images. However,
streak artifact was still present in the HIRDLD images, and the mean score of HIR'/' IRU VWUHDN DUWLIDFW ZDV VLJQLÀFDQWO\
worse than those of the MBIR and MBIRDLD images. DLD was developed mainly for
denoising, not for streak artifact. Because the
original ULDCT HIR images had extreme
streak artifact, DLD was unable to remove
them completely. In contrast, MBIR had little streak artifact on ULDCT, which may have
contributed to better overall image quality.
,QWKLVVWXG\DUWLÀFLDOLQKRPRJHQHLW\ZDV
seen in areas of normal lung in the MBIR
LPDJHVZLWKRXW'/'7KLVDUWLÀFLDODSSHDUance is different from noise and could result

in a false diagnosis of pulmonary emphysema. Although its cause is unclear, the artiÀFLDO LQKRPRJHQHLW\ PD\ EH UHODWHG WR WKH
complex mathematic procedure of MBIR.
'/'GHFUHDVHGWKLVDUWLÀFLDOLQKRPRJHQHLW\
without reducing the visibility of structures
such as small vessels. To obtain images of
high resolution, we used MBIR with the lung
setting rather than the standard setting. The
DUWLÀFLDO LQKRPRJHQHLW\ FRXOG SRVVLEO\ EH
VSHFLÀFWR0%,5ZLWKWKHOXQJVHWWLQJKRZever, in our previous research, MBIR with
the lung setting improved the visibility of
small vessels and interstitial lung abnormalities in CT images compared with MBIR with
the standard setting [18]. The deep learning
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system used in this study, which was trained
using high-dose FBP CT images, enabled denoising and also enhanced the detail in the
images. Because the image quality of MBIRDLD was superior to MBIR without DLD for
all items evaluated in this study, we speculate
that DLD would contribute to improving the
image quality of ULDCT images obtained
using MBIR with the standard setting.
The positive effect of DLD on MBIR was
relatively smaller than that on HIR in the image quality analysis. The image quality of
the original HIR image on ULDCT was very
low. On the other hand, it has been reported
WKDW0%,5VLJQLÀFDQWO\LPSURYHGWKHLPDJH
quality on ULDCT [3, 5]. This suggests that
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TABLE 2: Nodule Characteristics on Reference Standard Images
Nodule Type, Lung-RADS Category
All nodules

No. of Nodules

Sizea (mm)

252

4.6 (1.6–26.3)

1

12

2

208

3

17

4A

11

4B

4

Solid nodules

64

1

12

2

50

3

2

4A

0

4B

3.0 (1.6–6.8)

0

Part-solid nodules

6.8 (2.9–26.3)b

57

1

0

2

27

3

15

4A

11

4B

4

Nonsolid nodules

131

1

0

2

131

3

0

4A

0

4B

0

5.1 (2.5–14.4)

Note—Lung-RADS = Lung Imaging Reporting and Data System.
aSize is expressed as mean (range).
bSize of solid part: mean, 3.0 mm (range, 1.4–9.9 mm).

TABLE 3: Intraobserver and Interobserver Agreement of Two Readers for
Lung-RADS Results
Intraobserver Agreement
Imaging Technique

Reader 1

Reader 2

HIR ULDCT vs SDCT

0.46

0.32

MBIR ULDCT vs SDCT

0.68

0.57

HIR-DLD ULDCT vs SDCT

0.53

0.48

MBIR-DLD ULDCT vs SDCT

0.70

0.72

Interobserver Agreement

HIR ULDCT

0.59

MBIR ULDCT

0.51

HIR-DLD ULDCT

0.61

MBIR-DLD ULDCT

0.56

SDCT

0.63

Note—Agreement was assessed using weighted kappa coefﬁcient. Lung-RADS = Lung Imaging Reporting and
Data System, HIR = hybrid iterative reconstruction, ULDCT = ultra-low-dose CT, SDCT = standard-dose CT,
MBIR = model-based iterative reconstruction, HIR-DLD = HIR with deep learning–based denoising (DLD),
MBIR-DLD = MBIR with DLD.
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HIR images on ULDCT had greater room for
improvement than MBIR images.
In the Lung-RADS evaluation, HIR-DLD
showed worse intraobserver agreement with
SDCT than did MBIR-DLD. The numerous
XQLGHQWLÀHG QRGXOHV LQ +,5'/' LPDJHV
had a negative effect on agreement. Because
of the strong noise and streak artifact seen
in the original HIR images, information of
IDLQWQRGXOHVZDVORVWDQGLWZDVGLIÀFXOWWR
restore the image of the nodule even using
'/' +RZHYHU DOO RI WKH XQLGHQWLÀHG QRGules in the HIR-DLD images were categorized as 2 on the reference standard, which
VXJJHVWV WKDW WKH XQLGHQWLÀHG QRGXOHV PD\
QRWEHVLJQLÀFDQWLQWKHFOLQLFDOVHWWLQJ
The sensitivity for nodules of Lung-RADS
category 3 or more was 88–100% for MBIRDLD. Although the sensitivity of reader 2
was not 100% for MBIR-DLD, it also was
not 100% on SDCT. The part-solid nodules
were differentiated between categories 2 and
3 according to the presence (or not) of a solid
component less than 6 mm, and several of the
part-solid nodules were equivocal. Investigators have reported that interobserver agreement for the Lung-RADS category is substantial, but not perfect, for a weighted kappa
FRHIÀFLHQWRI &,² >@
MBIR with DLD on ULDCT may be acceptable for screening; however, further evaluaWLRQLVQHHGHGXVLQJDFRKRUWZLWKFRQÀUPHG
pathologic diagnoses.
At the ultra-low radiation dose, MBIRDLD was advantageous in terms of image
quality and Lung-RADS evaluation compared with HIR. The adoption of both DLD
and MBIR will make a positive contribution
to ULDCT for lung cancer screening. However, HIR has the advantage of a short reconstruction time, and MBIR is often unavailable (depending on the CT scanner used).
'/'VLJQLÀFDQWO\LPSURYHGWKHLPDJHTXDOity of HIR, and the combination of DLD and
HIR may be useful in many clinical situations at an appropriate radiation dose.
This study had several limitations. First,
because most of the nodules in this study were
not evaluated pathologically, we could not
investigate the true diagnostic ability of the
techniques for lung cancer. Second, to simplify the Lung-RADS evaluation, the nodule position was shown to the readers and category
;QRGXOHVZHUHGLVFDUGHG%HFDXVHWKHUHDGers recorded only the category, we could not
analyze the variability of the size measurement and size threshold for sensitivity. The
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TABLE 4: Nodule Type on Reference Standard for Nodules That Were Classified as Unidentified on Ultra-Low-Dose
CT (ULDCT)
Reader 1
Nodules
Unidentiﬁed nodules on ULDCT

Reader 2

HIR

MBIR

HIR-DLD

MBIR-DLD

HIR

MBIR

HIR-DLD

MBIR-DLD

69

5

35

4

102

18

53

13

9

1

6

0

25

4

12

5

Nodule type on reference standard
Solid
Part-solid

4

0

0

0

4

0

2

0

Nonsolid

56

4

29

4

73

14

39

8

Note—HIR = hybrid iterative reconstruction, MBIR = model-based iterative reconstruction, HIR-DLD = HIR with deep learning–based denoising (DLD), MBIR-DLD = MBIR
with DLD.

A

B

D

E

detectability of nodules was not evaluated in
WKLVVWXG\:HSODQIXUWKHULQYHVWLJDWLRQRIGHtectability using DLD on ULDCT. Third, the
CT scanner, IR techniques, and DLD used
were those of a single vendor. Fourth, we used
an older version of Lung-RADS (version 1.0)
because the latest version (version 1.1) [30]
was not available at the time of the reading
sessions. In addition, the growth rate of the
nodules was not considered because only one
ULDCT examination was available. Fifth,
the solid nodule evaluation was limited because the study cohort had originally been obtained for the evaluation of subsolid nodules,
and most of the solid nodules in this study

ZHUH WLQ\ DQG LQVLJQLÀFDQW 6L[WK 6'&7
and ULDCT were analyzed in this study, but
LDCT was not. However, recent CT lung cancer screenings are performed using LDCT.
Comparison of ULDCT and LDCT would be
useful to evaluate the performance of ULDCT
with DLD. Seventh, SDCT was not evaluatHGLQWKHVXEMHFWLYHDQDO\VLV7KLVZRXOGKDYH
added another valuable control. Finally, only
one obese patient (BMI > 30) was included in
the study. For scanning patients with a high
BMI, a higher radiation dose is needed to obtain acceptable image quality, and different
results may be obtained in a patient population with a high BMI.
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C

Fig. 3—82-year-old man with nonsolid nodules. Body
mass index is 31.6.
A–E, Axial standard-dose CT (SDCT) image (A)
and axial ultra-low-dose CT (ULDCT) images
reconstructed using hybrid iterative reconstruction
(HIR) (B), HIR with deep learning–based denoising
(DLD) (HIR-DLD) (C), model-based iterative
reconstruction (MBIR) (D), and MBIR with DLD
(MBIR-DLD) (E). In SDCT (A), MBIR (D), and MBIRDLD (E), faint nonsolid nodule (arrow, A, D, and E) is
detectable in peripheral lung area. However, in HIR
(B) and HIR-DLD (C) images, nodule (arrow, B and C)
is difﬁcult to detect because of streak artifact even
with DLD.

,QFRQFOXVLRQ'/'VLJQLÀFDQWO\LPSURYHG
the image quality of both HIR and MBIR images on ULDCT. MBIR was more advantageous than HIR in terms of image quality
and Lung-RADS evaluation on ULDCT using DLD.
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