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INTRODUCTION

Despite in vivo and in vitro biological evidence of 
radiation-induced genomic instability, such as DNA double-
strand breaks and chromosomal aberrations [1], there is still 
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a debate regarding the actual risk of low-dose radiation [2]. 
However, in terms of radiation protection, a conservative 
approach according to the “as low as reasonably achievable” 
principle is recommended [3-5]. CT examinations account 
for a large portion of medical radiation exposure, but 
continue to increase in use [6]. Therefore, several efforts 
have been made to reduce radiation exposure during CT 
studies, including optimization of the CT system through 
improvements in quantum detection and geometrical 
efficiency of the detector, appropriate usage of pre- and 
post-patient collimators and beam-shaping filters, and 
automatic exposure control [7]. In addition, iterative 
reconstruction (IR) algorithms have been investigated as a 
powerful method for lowering the radiation dose because of 
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their intrinsic ability to decrease image noise and artifacts 
[8-13].

Model-based IR, which models both system geometry and 
photon statistics, can reduce image noise and artifacts, 
thereby maximizing the potential for dose reduction [14]. 
However, long reconstruction times limit their clinical 
application. Currently, hybrid IR (h-IR), which reduces 
image noise in both image space and raw data space, 
which requires less demanding computations and shorter 
scan times, is widely utilized in routine clinical settings. 
However, h-IR algorithms also have certain limitations, 
such as unfamiliar image texture (plastic-like, blotchy, or 
pixelated) and nonlinearity in spatial resolution, which 
significantly vary depending on the local contrast and 
radiation dose [15]. Therefore, it is challenging to maintain 
sufficient diagnostic performance for detecting low-contrast 
lesions when IR methods are combined for aggressive 
radiation dose reduction [16,17].

A recently introduced deep learning image reconstruction 
(DLIR) algorithm (TrueFidelity, GE Healthcare) utilizes a 
deep neural network (DNN)-based model to differentiate 
noise from anatomical structures and emulate high-quality 
filtered back projection (FBP) images [18]. In the training 
process, the DLIR engine generates output images from a 
low-dose input sinogram, compares them with high-dose 
FBP images from the same objects, and repeatedly fine-
tunes the parameters of the DNN to suppress image noise, 
retain the preferred noise texture, and improve spatial 
resolution. Some recent studies have suggested that DLIR 
algorithms can further improve diagnostic image quality 
when compared with that obtained using IR methods at 
the same radiation dose level [19-22]. Moreover, there 
is some evidence that it might be possible to maintain 
diagnostic image quality even at a reduced dose level using 
DLIR methods [23,24]. However, all these studies only 
evaluated the quantitative and qualitative measures of the 
reconstructed images. Hence, the purpose of this study was 
not only to evaluate the quantitative and qualitative image 
quality, but also to evaluate the detectability of focal liver 
lesions on LDCT images obtained using a DLIR algorithm 
compared with that on SDCT images.

MATERIALS AND METHODS

The Institutional Review Board of Yonsei University 
Severance Hospital (IRB No. 4-2020-1315) approved this 
single-center retrospective study, and the requirement 

for informed consent was waived. All patient data were 
anonymized prior to the analysis.

Study Population
In our institution, the LDCT protocol with DLIR was the 

routine abdominopelvic CT protocol for the GE Revolution 
CT machine in May 2020. Patients who underwent 
abdominopelvic CT with the LDCT protocol between May 
2020 and August 2020 and who also underwent a prior 
abdominopelvic CT with the SDCT protocol within one year 
previously using the same CT scanner were included in this 
study (n = 123; mean age ± standard deviation [SD], 63 ± 
11 years; male:female, 70:53). Quantitative and qualitative 
image analyses were performed in 111 patients (mean age ± 
SD, 63 ± 12 years; male:female, 62:49) after excluding 12 
patients who underwent prior liver surgery (Fig. 1). Four 
patients who underwent radiofrequency ablation were 
included in the study population because we presumed that 
locoregional treatments, such as radiofrequency ablation, 
did not affect both quantitative and qualitative image 
analysis. Lesion conspicuity was evaluated in 45 of 111 
patients who had at least one focal liver lesion.

For lesion detectability assessment, among the 123 
patients, 98 patients who had two additional imaging 
studies composed of routine-dose CT or MRI (one within 1 
year before SDCT and the other within 1 year after LDCT) 
were initially screened. After excluding 14 patients who had 
more than 10 focal liver lesions, lesion detectability was 
evaluated in 84 patients. Details about determining the 
reference standard are provided in Supplement. 

CT Image Acquisition
The SDCT and LDCT protocols were performed with the 

same parameters except for the noise index: rotation time, 
0.5 seconds; spiral pitch factor, 0.992:1; table feed per 
rotation, 79.375 mm/rotation; total collimation width, 80 
mm; detector configuration, 128 x 0.625 mm; tube voltage, 
100 kVp; and automatic exposure control, Smart mA. The 
portal venous phase was acquired 55 seconds after the 
attenuation value of the aorta reached 100 Hounsfield unit 
(HU) or 30 s after the end of the late arterial phase. The 
noise index is a parameter that sets the SD of CT numbers 
within a region of interest (ROI) in a water phantom of 
a specific size. A proprietary algorithm in GE Healthcare 
modulates tube current values to maintain the same image 
noise level during the scanning process in consideration 
of the patient-specific attenuation characteristics on the 
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scout image [25]. The noise index of the LDCT protocol was 
17, which was higher than that of the SDCT protocol at 14, 
and this difference was intentional to achieve an estimated 
dose reduction of 30%. LDCT images were reconstructed 
with h-IR (adaptive statistical iterative reconstruction-
Veo [ASiR-V] 40%), DLIR (TrueFidelity) medium-strength 
(DLIR-M), and DLIR high-strength (DLIR-H), while SDCT 
images were reconstructed with h-IR. All CT images were 
reformatted with a slice thickness of 3.0 mm and slice 
interval of 3.0 mm.

Radiation Exposure
CT dose index volume (CTDIvol) and dose length product 

were extracted from the dose reports of all CT scans. Each 
patient’s anteroposterior and lateral dimensions were 
measured at the level of the proximal right renal artery, 
and size-specific dose estimation (SSDE) was calculated by 
multiplying CTDIvol values and conversion factors based on 
the AAPM report 204 [26].

Quantitative Image Quality Analysis
A researcher measured the attenuation value and SD in the 

liver, paraspinal muscle, abdominal aorta, and subcutaneous 
fat [21,27]. The mean attenuation and SD values of the 
liver were calculated by averaging four measurements for 
each of the four liver sections: the left lateral, left medial, 
right anterior, and right posterior sections. A single ROI 
was measured on other anatomic structures: the paraspinal 

muscle, abdominal aorta, and subcutaneous fat. All ovoid 
ROIs (range 100–200 mm2) were carefully placed in areas of 
homogeneous attenuation to avoid confounding structures 
such as large vessels, intramuscular fat, or vessel wall 
calcifications. All measurements were performed at the 
level of the umbilical portion of the left portal vein and 
were kept as constant as possible in their size and position 
between the SDCT and LDCT images (Fig. 2).

The signal-to-noise ratio (SNR) for the anatomy of 
interest was calculated using the following equation:

SNRi = ROIi/SDi

where ROIi is the attenuation value of the anatomical 
structure of interest, and SDi is the SD value of the same 
structure. The contrast-to-noise ratio (CNR) relative to fat 
for the anatomical structure of interest was determined 
using the following equation:

CNRi = (ROIi - ROIfat)/SDfat

The CNR between the focal liver lesions and background 
liver was not calculated in this study because it is difficult 
to draw ROIs accurately in small (< 5 mm) focal liver lesions.

Qualitative Image Quality Analysis
Among the three different LDCT reconstruction 

algorithms, the one showing the smallest difference in the 

Patients who underwent abdominopelvic LDCT
by using GE Revolution CT between May and August 2020 (n = 715)

Patients who received abdominopelvic SDCT
by using the same CT machine within 1 year prior to LDCT (n = 123)

Patients having two additional imaging studies composed 
of routine-dose CT or MRI (one within 1 year before SDCT and 

the other within 1 year after LDCT) by which reference standard 
was determined (n = 98)

Patients for quantitative and qualitative image analysis (n = 111)

Patients for lesion conspicuity assessment in qualitative analysis (n = 45) Patients for lesion detectability of focal liver lesions (n = 84)

Patients with previous liver surgery (n = 12)

Patients with more than 10 focal liver lesions (n = 14)

Patients with no detectable focal liver lesions 
in SDCT and/or LDCT images (n = 66)

Fig. 1. Flow chart of patient selection. LDCT = lower-dose CT, SDCT = standard-dose CT
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quantitative parameters from those of SDCT images was 
selected for qualitative analysis. This was done to select 
images with the most similar image texture to the SDCT 
images. The LDCT obtained with DLIR-M was chosen, and it 
was displayed side by side with the SDCT with h-IR images. 
The images were independently reviewed by two board-
certified radiologists (reader 1 and reader 2 with 19 and 6 
years of experience in abdominal radiology, respectively) 
(Fig. 3). The readers were instructed to score the relative 
image quality of the LDCT with DLIR-M images compared 
with SDCT with h-IR images in terms of overall image 
quality, image noise, image sharpness, image texture, and 
lesion conspicuity. A score of 5 was given if the LDCT with 
DLIR-M images was markedly superior to the SDCT with 
h-IR images, 4 if marginally superior, 3 if equivalent; 2 
if marginally inferior; and 1 if markedly inferior. Higher 
scores corresponded to better overall image quality, less 
image noise, better image sharpness, more preferred image 
texture, and better lesion conspicuity.

Lesion Detectability
Lesion detectability was also compared between LDCT 

with DLIR-M and SDCT with h-IR images. Two board-
certified radiologists were asked to locate all liver lesions 
and measure the size of each lesion. For each lesion 
localization, radiologists rated the confidence of lesion 
detection using a 5-point Likert scale: 5, most likely 
present; 4, probably present, 3, indeterminate; 2, probably 
absent; and 1, most likely absent. A researcher temporarily 
stored the CT images for lesion detectability analysis in 
a mini-PACS system (Aquarius workstation, TeraRecon) 
to blind the radiation dose, reconstruction algorithm, 
study date, and all patient information from the readers. 
Cases were reviewed in a random order, and readers were 
permitted to scroll, zoom, and change window settings.

Statistical Analysis
The paired t test was used to compare continuous 

variables, such as patient characteristics and radiation 

Fig. 2. Follow-up SDCT and LDCT protocol contrast-enhanced abdominopelvic CT images of a 61-year-old male with colon cancer; 
SDCT and LDCT studies were performed within one year of each other. 
A-D. Axial CT images were taken at the same anatomic level to compare image quality between the SDCT protocol (A) and LDCT protocol (B-D). 
SDCT images were reconstructed with h-IR (A), while LDCT images were reconstructed with h-IR (B), DLIR-M (C), and DLIR-H (D). Image noise 
in the liver in CT images A, B, C, and D is 10.8, 16.1, 12.8, and 8.4, respectively. Quantitative measures of image noise, signal-to-noise ratio and 
contrast-to-noise ratio, show equivalence between SDCT with h-IR images (A) and LDCT with DLIR-M images (C). DLIR-H = deep learning image 
reconstruction high-strength, DLIR-M = deep learning image reconstruction medium-strength, h-IR = hybrid iterative reconstruction, LDCT = 
lower-dose CT, SDCT = standard-dose CT

A

C

B

D
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exposure, between the LDCT and SDCT protocols. Repeated-
measures analysis of variance with Dunnett’s multiple 
comparison test was performed for image noise, SNR, and 
CNR. Furthermore, equivalence testing between SDCT with 
h-IR images and LDCT with DLIR-M images was performed. 
An equivalence between SDCT with h-IR images and LDCT 
with DLIR images was inferred when the two-sided 95% 
confidence interval (CI) of the mean difference (95% CI of 
difference) was within a pre-specified equivalence margin 
[28] (prespecified margins for the quantitative analysis are 
provided in Supplementary Table 1). The equivalence margin 
was set as the SD of measures in the SDCT with h-IR images 
because a mean difference smaller than this was considered 
clinically insignificant [29,30]. For the comparison of 
qualitative measures, a one-sample Wilcoxon signed-rank 
test was used. For lesion detectability analysis, jackknife 
free-response receiver operating characteristic (JAFROC) 
plots were used to calculate the figures-of-merit [31]. We 
used the Dorfman–Berbaum–Metz multireader-multicase 
method with a selection of fixed-readers random-case 
output in JAFROC software version 4.2.1 [32]. Interobserver 
agreement between the two readers was assessed using 
the bias-adjusted kappa (PABAK) statistic [33]. Statistical 
significance was set at p < 0.05. All statistical analyses 
except the JAFROC methods were performed using the 
R package (version 3.6.0; R Foundation for Statistical 
Computing) and SAS (version 9.4; SAS Institute Inc.).

RESULTS

Patient Characteristics
Patient characteristics, including age, sex, study interval, 

and underlying morbidities, are presented in Table 1. The 
mean study interval ± SD between SDCT and LDCT was 
221 ± 91 days. Routine follow-up after treating primary 
colorectal tumors accounted for was the most common 
indication for abdominopelvic CT follow-up (104/111, 
93.7%). Supplementary Tables 2 and 3 show the population 
characteristics for lesion conspicuity assessment (n = 45) 
and lesion detectability analysis (n = 84), respectively.

Radiation Exposure
Body weight, effective diameter, and scan length were not 

significantly different between the LDCT and SDCT protocols 
(all p > 0.05) (Table 1). The LDCT protocol resulted in a 
dose reduction of 35.1% in SSDE (6.6 ± 1.0 mGy) compared 
with that in the SDCT protocol (10.3 ± 1.6 mGy) (Table 2). 
Supplementary Tables 4 and 5 show the radiation exposure 
for lesion conspicuity assessment (n = 45) and lesion 
detectability analysis (n = 84), respectively.

Quantitative Image Quality Analysis

Image Noise
Image noise was higher on LDCT with h-IR images than 

SDCT with h-IR images (all p < 0.001), whereas it was lower 
on LDCT with DLIR-H images than SDCT with h-IR images 
(all p < 0.001) for all anatomical structures. Image noise 

Fig. 3. A side-to-side comparison of qualitative measures between SDCT with h-IR images (A) and LDCT with DLIR-M images (B) 
of a 55-year-old male with colon cancer. 
A, B. Black arrows show a focal liver lesion being assessed for lesion conspicuity. In terms of overall image quality and lesion conspicuity, all 
readers interpreted the LDCT with DLIR-M images (B) as being marginally superior (all score 4) to the SDCT with h-IR images (A). Although the 
image texture of SDCT with h-IR images was preferred over that of LDCT with DLIR-M images, the qualitative parameters of LDCT with DLIR-M 
images including overall image quality, image noise, image sharpness, and lesion conspicuity were comparable or superior to those of SDCT with 
h-IR images. DLIR-M = deep learning image reconstruction medium-strength, h-IR = hybrid iterative reconstruction, LDCT = lower-dose CT, SDCT = 
standard-dose CT

A B
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was not different between the LDCT with DLIR-M images and 
SDCT with h-IR images for all anatomical structures (all p > 
0.05) (Fig. 4A, Table 3). The equivalence test confirmed that 
image noise was similar between LDCT with DLIR-M images 
and SDCT with h-IR images (95% CI of difference: -0.449 to 
0.200 HU, -0.544 to 0.210 HU, and -0.932 to -0.068 HU for 
the liver, muscle, and aorta, respectively) (Fig. 4B).

SNR
Unlike image noise, the SNR was lower on LDCT with h-IR 

images than on SDCT with h-IR images (all p < 0.001), 
while LDCT with DLIR-H images had higher SNR than that 
of SDCT with h-IR images (all p < 0.001), irrespective of the 
anatomical structure analyzed. The SNR did not significantly 
differ between LDCT with DLIR-M and SDCT with h-IR 
images for all anatomical structures (all p > 0.05) (Fig. 4C, 
Table 3). The equivalence test found similar SNR values for 

LDCT with DLIR-M and SDCT with h-IR images (95% CI of 
difference: -0.111 to 0.475, -0.101 to 0.240, and -0.236 to 
0.789 for liver, muscle, and aorta, respectively) (Fig. 4D).

CNR
The CNR was lower on LDCT with h-IR images than 

on SDCT with h-IR images regardless of the anatomical 
structure analyzed (all p < 0.001). The CNR of LDCT images 
improved when DLIR-M was applied instead of h-IR and 
was significantly different from the CNR of SDCT with h-IR 
images for all anatomical areas (all p < 0.001) (Fig. 4E, 
Table 3). The equivalence test revealed similar CNR values 
for LDCT with DLIR-M and SDCT with h-IR images (95% CI 
of difference: 2.135–3.773, 1.452–2.649, and 2.319–4.571 
for the liver, muscle, and aorta, respectively) (Fig. 4F). 
DLIR-H further increased CNR on LDCT images and showed 
the highest CNR among all reconstructions (all p < 0.001).

Table 1. Patient Characteristics
Standard Dose Lower Dose P

Total number 111 N/A
Age, years*† 63 ± 12 (28–89) N/A
Sex, male:female 62:49 N/A
Study interval, days* 221 ± 91 (45–365) N/A
Body weight, kg* 63 ± 10 (40–89) 63 ± 11 (37–93) 0.981
Effective diameter, cm*‡ 25.4 ± 2.4 (20.2–33.0) 25.5 ± 2.6 (19.2–33.4) 0.631
Scan length, cm* 58.9 ± 4.1 (51.7–68.2) 59.0 ± 4.2 (50.6–69.3) 0.853
Underlying oncologic disease

Colorectal adenocarcinoma 104 N/A
Rectal NET or GIST     3 N/A
Small bowel NET     1 N/A
Colon polyps     1 N/A
Cutaneous malignant melanoma     2 N/A

Unless otherwise specified, the data are the number of patients. *Values are the mean ± standard deviation (range), †Age was recorded 
at the time of the lower-dose study, ‡Effective diameter = geometric mean of AP and LAT, where AP is the anteroposterior dimension and 
LAT is the lateral dimension of the body cross-section. GIST = gastrointestinal stromal tumor, NET = neuroendocrine tumor, N/A = non-
applicable

Table 2. Radiation Exposure

Standard Dose Lower Dose
Dose Reduction

P
Absolute Relative, %

SSDE, mGy
10.3 ± 1.6
(6.5–16.4)

6.6 ± 1.0
(4.5–10.8)

3.6 ± 0.9
(1.2–5.5)

35.1 ± 5.7
(12.9–47.6)

< 0.001

DLP, mGy·cm
423.4 ± 118.5
(202.8–917.9)

276.3 ± 83.8
(139.9–667.5)

147.1 ± 53.6
(40.8–296.6)

34.5 ± 7.7
(11.7–52.2)

< 0.001

CTDIvol, mGy
7.2 ± 1.7

(3.9–14.9)
4.6 ± 1.2
(2.7–9.9)

2.5 ± 0.8
(1.0–4.9)

34.9 ± 6.7
(12.9–50.1)

< 0.001

Data are presented as the mean ± standard deviation (range). CTDIvol = CT dose index volume, DLP = dose-length product, SSDE = size-
specific dose estimate
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Fig. 4. Results of the quantitative image analysis. *Statistically significant difference (p < 0.001).
A, C. The bar graphs show no significant difference between SDCT with h-IR images and LDCT with DLIR-M images in terms of image noise (A) and 
SNR (C). B, D, F. Equivalence tests show that LDCT with DLIR-M images are equivalent to SDCT with h-IR images with their prespecified margins (colored 
boxes in each figure part) in terms of image noise (B), SNR (D), and CNR (F). E. Regarding CNR, all LDCT images are significantly different from SDCT 
with h-IR images regardless of reconstruction method, but the difference between the mean values in LDCT with DLIR-M images and SDCT with h-IR 
images is the smallest. CNR = contrast-to-noise ratio, DLIR-H = deep learning image reconstruction high-strength, DLIR-M = deep learning image 
reconstruction medium-strength, h-IR = hybrid iterative reconstruction, LDCT = lower-dose CT, SDCT = standard-dose CT, SNR = signal-to-noise ratio
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Qualitative Image Quality Analysis
Compared to SDCT with h-IR images, LDCT with DLIR-M 

images showed better overall image quality, less image 
noise, and no significant difference in image sharpness for 
both readers (Table 4). The image texture of the LDCT with 
DLIR-M images was not preferred to that of SDCT with h-IR 
images for both readers. Lesion conspicuity on LDCT with 
DLIR-M images was not significantly different from that on 
SDCT with h-IR images for reader 1 and was better than that 
of SDCT with h-IR images for reader 2. The PABAK values of 
interobserver agreement were 0.59 for overall image quality, 

0.89 for image sharpness, 0.72 for image texture, 0.70 for 
image noise, and 0.69 for lesion conspicuity, respectively.

Lesion Detectability
A total of 99 true-positive lesions with a mean size ± SD 

of 5.9 ± 4.6 mm (range, 3.0–31.7 mm) were found in 34 
patients (Supplementary Table 3). Observer performance 
in the detection of focal liver lesions was not significantly 
different between LDCT with DLIR-M images and SDCT with 
h-IR images for both readers (p > 0.05) (Table 5). 

DISCUSSION

This study showed that by using a DLIR-M, image noise, 
SNR, and CNR could be maintained with a 35.1% radiation 

Table 3. Quantitative Measurements of Image Quality

SD h-IR LD h-IR LD DLIR-M LD DLIR-H
Adjusted P

LD h-IR vs. 
SD h-IR

LD DLIR-M vs.
SD h-IR

LD DLIR-H vs. 
SD h-IR

Image noise, HU
Liver 13.29 ± 2.02 17.04 ± 1.66 13.17 ± 1.22   9.17 ± 0.83 < 0.001   0.854 < 0.001
Muscle 13.54 ± 2.26 17.08 ± 2.14 13.37 ± 1.55   9.47 ± 1.35 < 0.001   0.804 < 0.001
Aorta 15.54 ± 2.78 19.76 ± 2.58 15.04 ± 1.77 10.21 ± 1.31 < 0.001   0.143 < 0.001

SNR
Liver 10.33 ± 2.12   8.09 ± 1.16 10.51 ± 1.53 15.12 ± 2.20 < 0.001   0.604 < 0.001
Muscle   5.17 ± 1.16   4.13 ± 0.69   5.24 ± 0.93   7.42 ± 1.44 < 0.001   0.838 < 0.001
Aorta 13.40 ± 3.21 10.45 ± 2.10 13.68 ± 2.40 20.28 ± 3.56 < 0.001   0.698 < 0.001

CNR
Liver 22.13 ± 4.69 17.83 ± 2.66 25.09 ± 4.35 34.61 ± 7.33 < 0.001 < 0.001 < 0.001
Muscle 16.20 ± 3.41 13.03 ± 2.03 18.25 ± 3.23 25.11 ± 5.42 < 0.001 < 0.001 < 0.001
Aorta 28.50 ± 6.79 22.69 ± 3.76 31.94 ± 6.19   44.25 ± 10.63 < 0.001 < 0.001 < 0.001

Data are mean ± standard deviation. All p values are multiplicity-adjusted. Statistical significance was set at p < 0.05. CNR = contrast-to-
noise ratio, DLIR-H = deep learning image reconstruction high-strength, DLIR-M = deep learning image reconstruction medium-strength, 
h-IR = hybrid iterative reconstruction, HU = Hounsfield unit, LD = lower dose, SD = standard dose, SNR = signal-to-noise ratio

Table 5. FOM Values and DBM-MRMC Significance Test Obtained 
from JAFROC Analysis

SDCT h-IR LDCT DLIR-M P

Reader 1
0.868 

(0.814, 0.922)
0.889 

(0.833, 0.945)
0.420

Reader 2
0.880 

(0.824, 0.953)
0.886 

(0.833, 0.938)
0.832

Reader average
0.874 

(0.824, 0.923)
0.887 

(0.838, 0.937)
0.581

Numbers in parentheses represent the 95% confidence interval 
for FOM or differences. DBM-MRMC = Dorfman–Berbaum–Metz 
multireader-multicase, DLIR-M = deep learning image reconstruction 
medium-strength, FOM = figure-of-merit, h-IR = hybrid iterative 
reconstruction, JAFROC = jackknife free-response receiver operating 
characteristic, LDCT = lower-dose CT, SDCT = standard-dose CT

Table 4. Qualitative Measurements of Image Quality
Reader 1 Reader 2

Score P Score P
Overall image 
  quality

3.26 ± 0.48 < 0.001 3.46 ± 0.52 < 0.001

Image noise 3.54 ± 0.58 < 0.001 3.63 ± 0.57 < 0.001
Image sharpness 2.99 ± 0.29 > 0.999 3.04 ± 0.19    0.134
Image texture 2.82 ± 0.39 < 0.001 2.76 ± 0.43 < 0.001
Lesion conspicuity 3.09 ± 0.36    0.219 3.29 ± 0.51    0.001

Data are mean ± standard deviation. A score of 3 was assigned 
if the LDCT with DLIR-M images were equivalent to SDCT with 
h-IR images. Higher scores reflected better overall image quality, 
less image noise, better image sharpness, more preferred image 
texture, and better lesion conspicuity. A one-sample Wilcoxon 
signed-rank test was used to reject the null hypothesis: the 
median of qualitative scores for LDCT with DLIR-M images 
equals a hypothetical value of 3. DLIR-M = deep learning 
image reconstruction medium-strength, h-IR = hybrid iterative 
reconstruction, LDCT = lower-dose CT, SDCT = standard-dose CT
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dose reduction relative to that of the SDCT protocol. In 
the qualitative analysis, LDCT with DLIR-M images showed 
better overall image quality, less image noise, and similar 
or better qualitative scores for image sharpness and lesion 
conspicuity, although the image texture was not preferred. 
The lesion detectability of focal liver lesions on LDCT with 
DLIR-M was not significantly different from that of SDCT 
with h-IR.

According to previous phantom and human studies, DLIR 
could reduce image noise effectively and improve overall 
image quality compared to those when using h-IR methods 
such as ASiR-V, and these effects seemed to increase as 
the strength of DLIR increases [19-21,34]. Some phantom 
studies have shown that low-contrast spatial resolution 
increases as the strength of DLIR decreases [19,34], and a 
human study reported that diagnostic confidence or lesion 
conspicuity did not significantly differ between DLIR-H 
and DLIR-M. Furthermore, slight blurring was observed 
for lesions smaller than 5 mm and tiny vessels on some 
DLIR-H images [21]. Along with the reasons mentioned 
above, LDCT with DLIR-M was chosen for qualitative and 
lesion detectability analyses because it showed the smallest 
differences in quantitative measures and might show the 
most similar image texture relative to that on SDCT with 
h-IR images. In addition to diagnostic performance, image 
texture itself is an important factor in determining whether 
to use a particular reconstruction method in daily practice 
because some radiologists tend not to prefer artificial noise 
texture [15,35]. In this study, we also found that the overall 
image quality of and lesion detectability on LDCT with 
DLIR-M images were not different or better than those of 
SDCT with h-IR images despite a reduction in radiation dose.

In terms of image texture, phantom studies have shown 
similar results of FBP-like noise texture being preserved in 
the dose reduction protocol with the application of DLIR 
methods [19,20,34]. According to these previous studies, 
the noise power spectrum (NPS), which visualizes the 
distribution of noise variance in terms of spatial frequencies 
for describing the noise amplitude and texture properties 
of CT images [36], only marginally shifted to lower spatial 
frequencies after DLIR was applied, whereas NPS with h-IR 
produced substantially lower frequency contents. Because 
low-contrast lesion detectability depends not only on 
spatial resolution but also on noise texture [15], it is worth 
noting that DLIR methods maintain FBP-like noise texture at 
clinically usable low-dose radiation levels. Similar to these 
previous studies, our study demonstrated that quantitative 

image noise was not significantly different between SDCT 
with h-IR images and LDCT with DLIR-M images, and lesion 
detectability for focal liver lesions was preserved even after 
a reduction in radiation dose. Unlike other quantitative 
parameters, the image texture of LDCT with DLIR-M images 
did not show a reader preference over SDCT with h-IR images 
in our study. This may be due to the shift in NPS, which can 
occur in DLIR-M. NPS was not evaluated in this study, and 
future studies may include quantitative comparison of NPS 
between DLIR and h-IR images.

Several attempts have been made to exploit the dose 
reduction potential of DLIR algorithms in abdominal CT 
scans. Nam et al. [23] reported that a chest CT protocol 
with DLIR-H showed image quality comparable to that of 
an abdominal CT protocol with an h-IR for upper abdominal 
scans with a radiation dose of less than 50%. Cao et al. 
[24] showed that DLIR-H methods reduced image noise and 
maintained overall image quality compared with images 
reconstructed using h-IR for abdominal CT at an extremely 
low dose (76% dose reduction). Both studies evaluated the 
most potent DLIR-H, hoping to show that DLIR algorithms 
were superior to standard ASiR methods when aiming for 
aggressive dose reduction. However, previous studies did not 
evaluate the diagnostic performance for focal liver lesions, 
which are the main hurdle for dose reduction due to the 
innate low contrast between the liver parenchyma and focal 
liver lesions. Our results suggest that the detection of focal 
liver lesions does not deteriorate with approximately 35.1% 
dose reduction using DLIR-M. Further studies to identify 
aggressive dose reduction protocols that do not compromise 
diagnostic accuracy are needed to validate our findings.

Our study had several limitations. First, this study was 
conducted retrospectively at a single institution. Second, 
there was a time difference between LDCT and SDCT, 
which might have led to biological differences in patients. 
However, body profiles, such as weight and effective 
diameter, which are known to significantly influence image 
noise, did not differ between the two CT scans in this 
study. Hence, any possible differences due to the time gap 
may have been minimized. Third, since the qualitative 
analysis was conducted in a side-to-side manner and not 
fully blinded, there was a concern that bias may have 
been introduced into the results. Fourth, only the medium 
strength of DLIR was evaluated comparatively in qualitative 
image analysis and lesion detectability assessment. The 
effects of other strengths of DLIR on qualitative measures 
and lesion detectability should be evaluated in further 
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studies. Fifth, we only evaluated the detectability of 
hypoattenuating liver lesions. This may not reflect the 
actual clinical situation of abdominal CT evaluations. 
Therefore, it is mandatory to conduct a future analysis that 
includes hypervascular and extrahepatic lesions.

In conclusion, the overall image quality and detectability 
of focal liver lesions could be preserved in contrast-
enhanced abdominopelvic LDCT obtained with DLIR-M 
compared to those of SDCT with h-IR images. 
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