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Background: The optimization of regularization strategies in computed tomography (CT) iterative 
reconstruction may allow for a reduced dose (RD) without compromising image quality, thus the diagnostic 
ability of RD imaging must be considered, especially for low-contrast lesions. In this study, we evaluated the 
image quality and diagnostic performance of 50% RD CT for low-contrast colorectal liver metastasis (CRLM) 
with artificial intelligence model-based iterative reconstruction (AIIR) and standard-dose (SD) CT with 
hybrid iterative reconstruction (HIR).
Methods: In this prospective study, consecutive participants with pathologically proven colorectal cancer 
and suspected liver metastases who underwent portal venous phase CT scans both at SD and RD between 
June and November 2022 were included. All images were reconstructed by HIR and AIIR. Two radiologists 
detected and characterized liver lesions with RD HIR, SD HIR, and RD AIIR and scored the image quality. 
The contrast-to-noise ratio (CNR) for metastases were recorded. The diagnostic performance for CRLM of 
each reconstruction algorithm was analyzed and compared using the receiver operating characteristic curve 
and the area under the curves (AUC).
Results: A total of 56 participants with 422 liver lesions were recruited. The mean volume CT dose 
indices of the SD and RD scans were 9.5 and 4.8 mGy. RD AIIR exhibited superior subjective image quality 
and higher CNR for liver metastases than did RD/SD HIR. In all liver lesions and lesions ≤10 mm, the 
detection rates of RD AIIR (83.3% and 71.5%) were both significantly higher than those of RD HIR (76.3% 
and 62.4%; P=0.002 and P=0.003); meanwhile, they were similar to those of SD HIR (81.4% and 69.6%; 
P=0.307 and P=0.515). The AUCs of RD AIIR for all liver lesions and lesions ≤10 mm (0.858 and 0.764) 
were greater than those of RD HIR (0.781 and 0.661; P<0.001) and were similar to those of SD HIR (0.863 
and 0.762; P=0.616 and 0.845).
Conclusions: AIIR can improve CT image quality at 50% RD while preserving diagnostic performance 
and confidence for low-contrast CRLM in all lesions and lesions ≤10 mm and may thus serve as a promising 
tool for follow-up monitoring in patients with colorectal cancer while inflicting less radiation damage.
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Introduction

The distant metastasis of colorectal cancer commonly 
occurs in liver (1). The timely detection of colorectal liver 
metastasis (CRLM) is crucial for clinical management and 
the improvement of patient outcomes with appropriate 
treatment (2). The application of chest-abdomen-pelvic 
contrast-enhanced computed tomography (CT), the 
preferred screening protocol for patients with colorectal 
cancer (3,4), remains controversial due to its high radiation 
exposure. In recent years, promising deep learning-
based image reconstruction (DLIR) algorithms have been 
developed that may reduce the required dose (5,6).

A recent study demonstrated that DLIR can improve 
perceptual CT imaging quality, signal-to-noise ratio (SNR), 
and contrast-to-noise ratio (CNR) in comparison to hybrid 
iterative reconstruction (HIR) and filtered back projection 
while maintaining the detectability of liver metastases larger 
than 0.5 cm at a 65% dose reduction (7). However, the study 
indicates that the DLIR should still be used with caution 
because of the overall inferior characterization of liver 
lesions and reader confidence. This could be caused by the 
complexity of deep learning networks, whose performance 
is highly dependent on the quality of training data. Other 
research suggests that DLIR could introduce hallucinated 
image features or miss image structures, particularly in low-
dose settings (8,9).

Another method, conventional denoising framework 
model-based iterative reconstruction (MBIR), may have 
potential in facilitating reduced-dose (RD) CT scanning 
(10,11). In principle, MBIR takes the advantage of a 
statistical physical system model and a regularization term 
that can reduce noise and retain fine structural information 
in the image simultaneously. However, the regularization 
term in MBIR is often difficult to design. The most 
frequently used norm-based regularization terms can 
encourage unnatural piece-wise-constant “plastic texture” 
and may eliminate low contrast lesions in low-dose scans (6). 
In previous studies, how to maintain detectability of low-
contrast lesions in MBIR images at low-dose scan remains 

to be demonstrated (12-14). In addition, due to its long 
reconstruction times, MBIR is not commonly adopted for 
clinical application.

Recently, a hybrid reconstruction algorithm that 
integrates deep learning-based reconstruction and MBIR 
was proposed to reconstruct high-quality images from low-
dose CT scans. Subsequently, the artificial intelligence 
model-based iterative reconstruction (AIIR; United Imaging 
Healthcare, Shanghai, China) algorithm was developed with 
the advantages of denoising capability and raw data fidelity. 
In initial validation, this algorithm achieved promising 
performance in reconstructing ultra-low-dose CT images 
with high spatial resolution, reduced noise and artifacts, and 
improved low-contrast detectability (15). Several previous 
clinical studies of AIIR have indicated its superior image 
quality in CT angiography and thoracic imaging (16,17). 
We hypothesize that AIIR can also improve image quality 
and maintain detection and characterization for small 
low-contrast lesions. We aimed to evaluate the objective 
image quality and the detectability of low-contrast CRLM 
provided by RD AIIR and standard-dose (SD)/RD HIR 
for portal venous phase abdominal CT scans through 
an observation study (16-18). We present this article in 
accordance with the STROBE reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-24-1570/rc).

Methods

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013) and was 
approved by the Ethics Committee of Zhongshan Hospital, 
Fudan University (No. B2022-127R). Informed consent was 
obtained from all individual participants.

Participant population

This single-center prospective cohort study was conducted 
in Zhongshan Hospital, Fudan University, from June to 
November 2022, with 159 consecutive patients undergoing 
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abdominal enhanced CT examinations (50% RD and 
SD scans). The inclusion and exclusion criteria are listed 
in Figure 1. Each participant’s age, sex, height, weight, 
and body mass index were recorded. Follow-up of the 
participants occurred through May 2023.

Imaging technique and postprocessing

All CT scans were obtained using a multislice CT scanner 
(uCT960+, United Imaging Healthcare). All participants 
underwent CT of the abdomen in the portal venous phase, 
and the details of scan parameters are provided in Table 1. 
The RD parameters were set to approximately 50% the 
standard radiation dose. SD and RD scans were performed in 
the craniocaudal direction and then in the opposite direction 
during the same breath-hold with minimal delay time.

Weight-based intravenous injection of contrast material 
was used with iomeprol and 300 mg of iodine per milliliter 
(Shanghai Borui KeXinYi Pharmaceutical Co., Shanghai, 

China) under a setting of 1.3 mL/kg and an injection rate 
of 3 mL/s. Bolus tracking was used, with a 200-Hounsfield 
unit (HU) trigger value in the abdominal aorta at the level 
of the celiac artery and a scan delay of 10 s for the arterial-
phase scan and another 40 s for the portal-phase scan. Three 
reconstructions at a 1-mm slice thickness were performed 
for each participant: one at standard radiation doses (HIR) 
and two at reduced radiation doses (HIR and AIIR). The 
details of AIIR algorithm are provided in Appendix 1.

Qualitative analysis of image quality

For each patient, images from three protocols (RD HIR, 
SD HIR, and RD AIIR) were independently assessed by 
two radiologists (readers 1 and 2, one junior and one senior 
with 5 and 16 years of experience in the field of abdominal 
imaging diagnosis, respectively). The window width and 
window level of the images could be freely adjusted on a 
MDNG3421 monitor (Barco, Kortrijk, Belgium). The 

This prospective, single-center study was 
performed from June to November 2022

159 patients with CRC underwent abdominal 
enhanced CT examinations (50% reduced-dose 

and standard-dose scans)

The inclusion criteria:
•	Pathologically proven CRC 
•	With suspected liver metastases
•	Without a history of other malignancies 

The exclusion criteria:
•	With no definite liver metastasis (n=25) or 

with multiple liver metastases (>20) (n=29)
•	Image artifact (motion or metal) limiting 

evaluation (n=11)
•	Liver lesions lacked comparison with 

pathology or imaging examinations (CT, 
MRI, and PET/CT) (n=38)

422 focal liver lesions in 56 patients analyzed 
•	Metastasis (n=329)
•	Benign lesions (n=93)

Figure 1 Flowchart of the study. CRC, colorectal cancer; CT, computed tomography; MRI, magnetic resonance imaging; PET, positron 
emission tomography.

https://cdn.amegroups.cn/static/public/QIMS-24-1570-Supplementary.pdf
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overall image quality was scored based on the assessment of 
imaging noise, intrahepatic vascularity, liver focal lesions, 
and other abdominal organs. The scoring scheme was as 
follows: 5, excellent image quality without related issues 
of concern, 4, minor issues not interfering with diagnostic 
decision making; 3, minor issues possibly interfering 
with diagnostic decision making; 2, major issues affecting 
visualization of major structures but diagnosis still possible; 
and 1, issues affecting diagnostic information.

Quantitative analysis of image quality

The image noise and CT number were measured by reader 
1, using United Imaging Advantage Workstation software 
(R004; United Imaging Healthcare). Circular regions of 
interest (ROIs) were drawn in the liver (one for each of 
the left lateral lobe, left medial lobe, right anterior lobe, 
and right posterior lobe), psoas muscle (one left and one 
right), subcutaneous fat (one anterior and one posterior), 
and within the single largest liver metastasis per participant, 
with confounding structures such as large vessels being 
avoided. The image noise and CT number for liver, fat, and 
muscle were defined as their mean values in corresponding 
ROI measurements. SNR and CNR were calculated using 

the following equations, respectively: SNR = mean CT 
number/SD; CNRliver = mean CT number(liver − muscle)/SDfat; 
CNRmetastasis = mean CT number(liver − metastasis)/SDfat.

Liver lesion detection and characterization

Three image sets of different doses and reconstructions 
were reviewed by readers 1 and 2 respectively, and a 4-week 
interval was set between the interpretations to minimize the 
bias. The readers knew that colorectal cancer was present 
in patients, but they did not know whether liver lesions 
were present or the pathological results. Each liver lesion 
was recorded with the presence, location, and size and then 
classified via a 5-point scale (with 1 indicating definitely 
benign and 5 indicating definitely malignant). If the lesion 
received a score of ≥3, it was considered CRLM; otherwise, 
it was considered benign. A radiologist (reader 3) not 
involved in imaging interpretation annotated all lesions with 
access to prior and future available cross-sectional imaging 
examinations [CT, magnetic resonance imaging (MRI), 
and positron emission tomography-CT], as well as clinical 
data. All patients were followed up for at least 6 months.  
Previously equivocal lesions could be distinguished as 
metastases or benign lesions based on whether obvious 

Table 1 Scan parameters for the abdominal CT protocol

Parameter Datum

Scan model Helical, single source

Pitch factor 0.9937

Rotation time (s) 0.5

Tube current modulation (noise index/minimum mA)

SD scan Scan-by-scan settings for approximating the prior standard scan (index level 2 or 
reference mAs—160 mAs)

RD scan Scan-by-scan settings for approximating a 50% dose reduction

Tube potential (kV) 120

Collimation width (mm) 40

Reconstruction thickness and increment (mm) 1/1

Matrix size (no. of pixels) 512×512

Reconstruction algorithm

HIR B_SOFT_B Kernel, KARL 3D level 3

AIIR Strength level 3 (maximum level is 5)

RD, reduced dose; SD, standard dose; HIR, hybrid iterative technique; AIIR, artificial intelligence model-based iterative reconstruction; CT, 
computed tomography.



Qiu et al. Artificial intelligence for reduced-dose CT of CRLM2110

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(3):2106-2118 | https://dx.doi.org/10.21037/qims-24-1570

lesion size enlargement occurred. For participants with 
20 or more metastatic lesions, lesion performance was 
not assessed. CRLMs manifest on portal venous phase 
CT as hypovascular nodules with irregular peripheral 
enhancement. The criteria for liver metastasis on MRI were 
as follows: (I) mild-to-moderate high signal intensity on 
T2-weighted imaging (T2WI); (II) diffusion restriction, 
with a higher signal on diffusion-weighted imaging (DWI) 
and a lower or similar signal to that of the liver on apparent 
diffusion coefficient (ADC); and (III) irregular peripheral 
enhancement during the arterial phase or portal venous 
phase.

Statistical analysis

Statistical analysis was conducted using SPSS version 24.0 
(IBM Corp., Armonk, NY, USA). Continuous variables 
conforming to a normal distribution are represented as  

mean ± standard deviation and were compared with the 
paired-samples t-test; otherwise, they are presented as the 
median and interquartile range and were compared via 
the Wilcoxon signed-rank test. Classification variables are 
expressed as frequency (percentages) and were compared 
with the McNemar chi-squared test. The per-lesion 
sensitivity, specificity, positive predictive value, negative 
predictive value, and accuracy of three protocols were 
calculated. The diagnostic performance for liver metastases 
was assessed by conducting receiver operating characteristic 
(ROC) analysis, and the areas under the curve (AUCs) 
were calculated and pairwise compared using a univariate 
z score test. Tukey-Kramer adjustment was used to control 
the overall type I error rate at 5%. A subgroup analysis was 
conducted based on the lesions size (≤10 and >10 mm). 
Interobserver agreement for the disease detection and the 
classification of each protocol were evaluated with Cohen 
kappa statistics. κ values of 0.01–0.20 were considered 
slight; 0.21–0.40, fair; 0.41–0.60, moderate; 0.61–0.80, 
substantial; and 0.81–1.0, excellent. A two-sided P value 
<0.05 was considered statistically significant.

Results

Patient demographics and lesion characteristics

The patient demographics are summarized in Table 2. The 
final patient cohort consisted of 56 participants (45 males 
and 11 females) with a mean age of 60.5±12.4 years (range, 
33–85 years) and a mean body mass index of 23.0±3.2 kg/m2 
(range, 16.8–32.1 kg/m2).

A total of 422 focal liver lesions were evaluated in the 
study (329 metastatic and 93 benign lesions including  
79 cysts and 14 hemangiomas), with a mean size of 
13.6±13.7 mm (range, 1–162 mm). Metastases were 
confirmed by pathology after surgical resection of the 
lesions (n=43) or confirmed based on available cross-
sectional imaging examinations and clinical data (n=286). 
Details of the lesion characteristics are provided in Table 2.

Radiation dose

For SD scans, the mean volume CT dose index (CTDIvol) 
was 9.5±1.8 mGy (range, 7.2–14.7 mGy). For RD scans, the 
mean CTDIvol was 4.8±0.9 mGy (range, 3.5–6.9 mGy).

Qualitative image assessment

Figure 2 shows the superiority of RD AIIR over RD HIR 

Table 2 Participant and lesion characteristics

Parameter Value (N=56)

Age (years) 60.5±12.4

Sex

Male 45 (80.4)

Female 11 (19.6)

Location of primary cancer

Colon 37 (66.1)

Rectum 19 (33.9)

Prior chemotherapy

Yes 36 (64.3)

No 20 (35.7)

Fatty liver

Yes 6 (10.7)

No 50 (89.3)

Body mass index (kg/m2) 23.0±3.2

Liver lesions

No. of liver lesions 422

No. of malignant lesions 329 (78.0)

No. of benign lesions 93 (22.0)

Lesion size (mm) 13.6±13.7

Data are presented as mean ± standard deviation, number or 
number (percentage).
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and SD HIR in terms of image noise and the visualization 
of intrahepatic vessels, liver lesions, and other abdominal 
organs. The mean image quality scores for RD HIR, SD 
HIR. and RD AIIR were 3.5±0.7, 4.2±0.6, and 4.5±0.4, 
respectively, and the differences between the pairings were 
statistically significant (P<0.001).

Quantitative image assessment

The CT number and noise measurements with the SNR 
and CNR calculations are shown in Table 3. There was 
no statistical difference in CT number (liver, metastases, 
and psoas muscle) between the different dose and 
reconstructions. Nevertheless, RD AIIR had a significantly 

higher SNR and CNR than did RD HIR and SD HIR.

Detection rates

RD HIR detected 322 of the 422 lesions (76.3%) and 234 of 
the 329 (71.1%)  metastases, SD HIR detected 343.5 of the 
422 lesions (81.4%) and 255 of the 329 metastases (77.5%), 
and RD AIIR detected 351.5 of the 422 lesions (83.3%) and 
260.5 of the 329 (79.2%) metastases. The detection rates 
between RD HIR and SD HIR were significantly different 
for all lesions (P=0.010), for lesions ≤10 mm (P=0.022), and 
for metastases (P=0.008); however, there was no statistical 
difference for lesions >10 mm (P=0.120). The detection 
rates were significantly different between RD HIR and 

RD HIR         SD HIR           RD AIIR
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Figure 2 Axial contrast-enhanced CT images of the abdomen in a 59-year-old man obtained with SD (8.73 mGy) and RD (4.45 mGy). 
Based on the visual noise of the liver, the display of the blood vessel (i.e., right posterior branch of portal vein, black stars) and surrounding 
organs (i.e., gallbladder, white arrows), the subjective scores of image quality were 3, 4, and 5 for RD HIR, SD HIR, and RD AIIR, 
respectively. The box-and-whisker plot shows the results of the qualitative evaluation of the overall image quality score. The X is the data 
mean. The mean image quality score was significantly different between each reconstruction based on the pairwise comparison (P<0.001). A 
33-mm low-contrast left liver metastasis (black arrows) was scored as 5 by both readers with each reconstruction, and the contrast-to-noise 
ratios for liver metastases in this participant for RD HIR, SD HIR, and RD AIIR were 2.7, 3.4, and 4.7, respectively. RD, reduced dose; 
SD, standard dose; HIR, hybrid iterative reconstruction; AIIR, artificial intelligence model-based iterative reconstruction; CT, computed 
tomography.
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RD AIIR for all lesions, lesions ≤10 mm, lesions >10 mm, 
and metastases (P=0.001–0.004). However, the detection 
rates were insignificantly different between SD HIR and 
RD AIIR for all groups (P=0.170–0.515). Details regarding 
the detection rates are shown in Table 4 and Table S1. This 
inferior detection ability was mainly due to the increase 
of image noise caused by radiation dose reduction and the 
small size and hidden location (e.g., under the liver capsule) 
of low-contrast lesions (Figures 3,4). Figure S1 shows 
metastasis in hepatic segment 1 that could be interpreted as 
extrahepatic lesion compression.

Per lesion-based diagnostic performance

The diagnostic performance for liver metastases with 
different doses and reconstruction methods by readers 1 
and 2 is shown in Table S2. Overall, the AUCs of RD HIR 
were 0.787 [95% confidence interval (CI): 0.751–0.822], the 
AUCs of SD HIR were 0.863 (95% CI: 0.836–0.886), and 
the AUCs of RD AIIR were 0.858 (95% CI: 0.831–0.886).

In all lesions and lesions ≤10 mm, the AUCs of RD HIR 

were inferior to those of SD HIR and RD AIIR (P<0.001), 
while the AUCs of RD AIIR were similar to those of SD 
HIR (P=0.616 and P=0.845, respectively). Details on the 
comparison of AUCs are shown in Table 5. Figure S2 shows 
a 2-mm liver cyst with false-positive characterizations 
both at RD and SD scans, with RD AIIR resulting in true-
negative characterizations by two readers.

Diagnostic confidence

RD AIIR, as compared with RD HIR and SD HIR, had a 
significantly higher percentage of score 4 and above (17.3% 
and 41.9%, respectively) among 329 metastases and a lower 
percentage of missed diagnoses (20.8%) (Figure 5). Table S3  
presents the scoring details of all lesions by readers 1 and 2. 
RD AIIR had higher scores for low-contrast liver metastases 
than did both HIR modes (Figures S3,S4).

Interobserver agreement

The interobserver agreement in disease detection and 

Table 3 CT number, noise, SNR, and CNR in the abdomen according to dose and reconstruction method

Variable RD HIR SD HIR RD AIIR

CT number (HU)# 100.4 (92.4, 106.2) 100.2 (92.1, 106.7) 100.4 (94.2, 106.9)

Liver

Metastases† 56.9±18.0 56.4±19.8 55.6±19.2

Psoas muscle 55.4±7.2 55.2±6.3 54.6±6.0

Noise‡

Liver 13.7±1.5 12.0±1.9 6.7±1.0

Subcutaneous fat 12.6±1.9 10.6±1.6 6.7±1.5

SNR§

Liver 7.2±1.4 8.3±1.7 15.0±3.5

Metastases 3.9±1.4 4.9±2.5 7.3±3.0

CNR§

Liver 3.5±1.2 4.1±1.3 6.9±2.3

Metastases 3.4±1.5 4.0±1.7 6.9±3.0

Data are presented as median (interquartile range) or mean ± standard deviation. #, no significant difference in CT number was identified 
between different dose and reconstructions. †, the CT number of the single largest representative lesion fulfilling the study criteria 
was measured in each applicable participant. ‡, noise = CT number standard deviation in the liver and subcutaneous fat. Noise was 
significantly different across all the groups (P<0.05). §, SNR and CNR were significantly different across different doses and reconstructions 
(P<0.05). The techniques ranked from highest to lowest according to SNR and CNR were as follows: RD AIIR, SD HIR, and RD HIR. RD, 
reduced dose; SD, standard dose; HIR, hybrid iterative reconstruction; AIIR, artificial intelligence model-based iterative reconstruction; 
CNR, contrast-to-noise ratio; SNR, signal-to-noise ratio; CT, computed tomography.

https://cdn.amegroups.cn/static/public/QIMS-24-1570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-1570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-1570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-1570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-1570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-1570-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-1570-Supplementary.pdf
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classification for RD HIR, SD HIR, and RD AIIR were 
substantial, with the κ values above 0.80 (Table S4).

Discussion

As the preferred radiological modality for the evaluation 
of distant metastases of colorectal cancer, chest-abdomen-
pelvic CT with intravenous contrast administration is 
questioned due to radiation exposure, while dose reduction 
limits the detection and classification of low-contrast liver 
lesions. Our study demonstrated that AIIR increased the 
perceptual imaging quality, SNR, and CNR of 50%-RD 
CT compared to both RD HIR and SD HIR. Moreover, 
RD AIIR showed a comparable diagnostic performance for 

CRLM with that of SD HIR and was significantly superior 
to RD HIR (P<0.05) in all lesions and lesions ≤10 mm, 
providing greater diagnostic confidence. This suggests 
that 50%-RD AIIR can replace SD HIR for follow-up 
surveillance of liver metastases in patients with colorectal 
cancer, who can benefit from its superior denoising 
capability.

Based on previous research, thick slices of 2–4 mm 
rather than 1 mm are recommended for axial imaging due 
to the associated increase in noise and damage to image 
quality, although thin slice thickness improves CRLM  
detection (19). In this study, the higher image noise was 
due to the thin reconstruction thickness of 1 mm of HIR at 
100% radiation dose (mean hepatic parenchymal noise of 

Table 4 Detection rates in all lesions and metastases

Group RD HIR (I) SD HIR (II) RD AIIR (III)
P value

I vs. II I vs. III II vs. III

All lesions (%) 76.3 (72.2–80.4) [322/422] 81.4 (77.6–85.1) [343.5/422] 83.3 (79.6–86.8) [351.5/422] 0.010 0.002 0.307

≤10 mm (%) 62.4 (56.0–68.6) [143.5/230] 69.6 (63.6–75.6) [160/230] 71.5 (65.6–77.3) [164.5/230] 0.022 0.003 0.515

>10 mm (%) 93.0 (89.1–96.4) [178.5/192] 95.6 (92.3–98.3) [183.5/192] 97.4 (95.1–99.7) [187/192] 0.120 0.004 0.170

Metastases (%) 71.1 (66.2–76.0) [234/329] 77.5 (73.0–82.0) [255/329] 79.2 (74.7–83.5) [260.5/329] 0.008 0.001 0.462

Performance data are per lesion. Numbers in parentheses are the 95% CIs, and the numbers in brackets are the numbers of lesions. RD, 
reduced dose; SD, standard dose; HIR, hybrid iterative reconstruction; AIIR, artificial intelligence model-based iterative reconstruction; CI, 
confidence interval.

Figure 3 Axial contrast-enhanced CT images of the abdomen in a 51-year-old man with three liver metastases. A 65-mm lesion in hepatic 
segment 3 had obvious necrosis that was considered to be a large cyst by reader 1 under RD HIR. However, under SD HIR and particularly 
under RD AIIR, the solid components of the lesion edge could be clearly displayed. Due to the hidden location of lesions, the other two 
lesions (under the liver capsule of segment 5 and segment 1, black arrows) were missed by both readers with RD HIR but were detected 
with SD HIR and with RD AIIR. Of note, the two lesions were scored 4 with RD AIIR, which was superior to both the SD HIR scores (3 
for both readers). CT, computed tomography; RD, reduced dose; SD, standard dose; HIR, hybrid iterative reconstruction; AIIR, artificial 
intelligence model-based iterative reconstruction.
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12.0), which was further increased if the radiation dose was 
reduced by 50% (mean hepatic parenchymal noise of 13.7). 
However, AIIR combined with the artificial intelligence-
based MBIR algorithm could significantly reduce image 
noise (mean hepatic parenchymal noise of 6.7) at 50% 
RD and demonstrated significantly superior image quality 
to that of RD and SD HIR. Moreover, the image spatial 
resolution was also preserved in AIIR. Our phantom test 
showed that the task transfer function was well maintained 
with a RD in AIIR for different contrast objects, implying a 
stronger correlation between image noise and actual image 

quality (Table S5).
As an advanced reconstruction algorithm for CT 

studies, MBIR, unlike HIR, works on both the acquisition 
process, including the system optics and quantum noise 
statistic, which can improve the image quality and allow 
for a radiation-dose reduction (10,11,20). Nonetheless, the 
improved detectability on MBIR images of low-contrast 
lesions, particularly at low-dose tube flux levels and in larger 
patients, remains to be demonstrated (12-14). The possible 
reason for this is that the performance of manually designed 
regularization functions will result in the unusual behavior 

Table 5 Comparison of AUCs of different doses and reconstructions in subgroup analysis

Group RD HIR (I) SD HIR (II) RD AIIR (III)
I vs. II I vs. III II vs. III

z P value z P value z P value

All lesions 0.787 (0.751–0.822) 0.863 (0.836–0.886) 0.858 (0.831–0.886) 6.504 <0.001 5.729 <0.001 0.502 0.616

≤10 mm 0.661 (0.608–0.713) 0.762 (0.717–0.806) 0.764 (0.720–0.808) 6.149 <0.001 5.646 <0.001 0.195 0.845

>10 mm 0.939 (0.905–0.973) 0.977 (0.964–0.991) 0.957 (0.925–0.989) 2.693 0.007 3.207 0.001 1.463 0.143

Performance data are per lesion. Numbers in parentheses are 95% CIs. RD, reduced dose; SD, standard dose; HIR, hybrid iterative 
reconstruction; AIIR, artificial intelligence model-based iterative reconstruction; AUC, area under the curve; CI, confidence interval.

Figure 4 Axial contrast-enhanced CT images of the abdomen in a 49-year-old woman with two liver metastases in hepatic segment 6. A  
14-mm low-contrast lesion (black arrows) was detected by both readers, and the CNRs for RD HIR, SD HIR, and RD AIIR were 1.5, 2.2, 
and 3.4, respectively. A 4-mm lesion (circles) was missed with RD HIR and SD HIR by both readers but was detected with RD AIIR; the 
scores from reader 1 and reader 2 were 3 and 4, respectively. RD, reduced dose; SD, standard dose; HIR, hybrid iterative reconstruction; 
AIIR, artificial intelligence model-based iterative reconstruction; CNR, contrast-to-noise ratio; CT, computed tomography.
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Figure 5 Score distributions of 329 cases of liver metastases for 
RD HIR, SD HIR, and RD AIIR. Lesions with a score of ≥3 
were considered CRLMs; otherwise, they were considered benign 
lesions (dotted line represents the boundary). Overall, there were 
77.5 (23.6%), 33.5 (10.2%), and 129 (36.5%) true-positive lesions 
that were scored from 3 to 5 respectively for RD HIR; 69 (21.0%), 
53 (16.1%), and 132.5 (40.3%) for SD HIR; and 58.5 (17.8%), 
57 (17.3%), and 138 (41.9%) for RD AIIR. The number of false-
negatives lesions (scored of 1 and 2) generated by RD HIR, 
SD HIR, and RD AIIR was 3 (0.9%), 0.5 (0.2%), and 7 (2.1%), 
respectively; meanwhile, RD HIR, SD HIR, and RD AIIR missed 
95 (28.9%), 74 (22.5%), and 68.5 (20.8%) of the lesions that were 
scored 0, respectively. RD, reduced dose; SD, standard dose; HIR, 
hybrid iterative reconstruction; AIIR, artificial intelligence model-
based iterative reconstruction.

of modulation transfer function and unnatural image 
texture, such as plastic-looking appearances, which are 
usually more severe when the scan dose is lower in MBIR. 
In Richard et al.’s work, the task-based modulation transfer 
function for MBIR was greater than that for filtered back 
projection at a high dose and a contrast object of 900 HU;  
however, the performance diminished at a low dose and 
a contrast object of 120 HU. In contrast, modulation 
transfer function (MTF) for adaptive statistical iterative 
reconstruction (ASIR) remained equal or slightly lower as 
compared to filtered back projection in the set of imaging 
conditions (21,22). This could explain why MBIR at a low 
dose shows inferior performance in low contrast tasks, such 
as in CRLM, which has an even lower 50-HU contrast.

In this study, we replaced the manual regularization 
design with a deep learning-based regularization function. 
With the help of millions of parameters in the deep learning 
network, the deep learning-based regularization model is 
able to describe the image characteristics with more detailed 
features that cannot be predefined in the traditional MBIR 
regularization function. Hence, accompanied by remarkable 
noise reduction, AIIR showed significantly better diagnostic 
performance for CRLM than did HIR in the 50% low-
dose scan and was comparable to HIR in the SD scan. 
In addition, the addition of deep learning could shorten 
reconstruction times with the help of fast-developing 
artificial intelligence hardware.

Many previous studies have applied deep learning 
techniques to image reconstruction to improve image 
quality and reduce the CT radiation dose (9,23-25) but 
only a limited number of studies have focused on low-
contrast lesions such as CRLM. Jensen et al. reported that 
the DLIR, as compared to SD filtered back projection, 
improved CT image quality at a 65% radiation dose 
reduction while preserving the detection of liver lesions 
larger than 0.5 cm. However, for small lesions (<0.5 cm), 
the observer lesion characterization, confidence, and 
detection were inferior for low-contrast liver lesions with 
RD DLIR (7). Based on the inherent limitations of CT, 
our subgroup analysis included liver lesions ≤10 mm rather 
than smaller-size lesions, and we found that the detection 
and AUC values for the CRLM of AIIR-reconstructed CT 
images at a 50% radiation dose reduction were still not 
inferior to those of HIR CT images at a standard dose. 
This may be explained by the slice thickness being 1 mm 
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thinner than that reported in previous research. Another 
study indicated that DLIR was noninferior for small lesions  
(<1 cm) at dose reductions of no greater than 50% 
compared to full-dose filtered back projection or iterative 
reconstruction and that it maintained a noninferior image 
quality (26). However, there were decreasing scores on 
all image quality metrics and lesion assessments with 
decreasing dose levels. In our study, the 50% RD CT 
images reconstructed by AIIR had even better image 
quality than did SD CT images reconstructed by HIR. 
Furthermore, based on the analysis of lesions scores, unlike 
HIR, there was no impairment in diagnostic confidence 
for CRLM with RD CT images reconstructed via AIIR. 
In another study by Park et al. (27), the qualitative analysis 
indicated that MBIR applied to SD CT provided better 
image quality than did low-dose computed tomography 
(LDCT) combined with a deep learning denoising 
algorithm (P<0.05) but did not yield equal detectability for 
malignant or potentially malignant liver lesions as compared 
with SD CT. Moreover, the DLIR was directly applied on 
MBIR image as postprocessing, and the raw data were not 
fully incorporated into iterative process as is done in AIIR. 
Although previous studies have demonstrated that DLIR 
can maintain the high-contrast spatial resolution of RD CT 
images, progressively higher strengths of DLIR have been 
reported to result in minor blurring of tiny liver lesions 
and vessels (28). This can be likely attributed to the lack of 
information provided by the raw data such as in MBIR.

This study had several limitations that should be 
acknowledged. First, we employed a single-center design 
with a relatively small sample size, and we will expand the 
scope to further validate and our findings. Second, radiation 
exposure is a concern that is considered in the design of 
clinical research for patient safety. Therefore, we evaluated 
only the SD and the 50% RD with reference to previous 
studies. Furthermore, after we simplified the delayed-phase 
scans, additional low-dose scans did not increase the overall 
radiation exposure of patients. Third, the MBIR combined 
with the artificial intelligence algorithm was developed by 
a single vendor and only applied in one scanner model. 
Fourth, although each participant had biopsy-confirmed 
colorectal cancer, the characterization of most liver lesions 
in the reference standard was based on imaging diagnosis.

Conclusions

An artificial intelligence algorithm combined with MBIR 
could greatly improve both subjective and objective image 

quality as compared to that of HIR. In addition, our study 
revealed that the AIIR provided high diagnostic confidence 
and superior diagnostic performance for CRLM as 
compared with HIR at a 50% radiation dose reduction in 
all lesions and in lesions ≤10 mm while showing comparable 
performance to that of HIR at a standard radiation dose. 
Thus, AIIR could facilitate the application of a 50% RD 
CT scan for follow-up monitoring in colorectal cancer and 
thus reduce the radiation damage patients are subjected to 
without compromising the diagnostic efficacy for CRLM.
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