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Background: Low-kiloelectron volt (keV) virtual monochromatic images (VMIs) from low-dose (LD) 
dual-energy computed tomography (DECT) can enhance lesion contrast but suffer from high image noise. 
Recently, a deep learning image reconstruction (DLIR) algorithm has been developed and shown significant 
potential in suppressing image noise and improving image quality. To date, the capacity of LD low-keV 
thoracic-abdominal-pelvic DECT with DLIR to detect various types of tumor lesions have not been 
assessed. Hence, this study aimed to evaluate the image quality and lesion detection capabilities of LD VMIs 
using DLIR with thoracic-abdominal-pelvic DECT versus standard-dose (SD) iterative reconstruction (IR) 
in oncology patients.
Methods: This prospective intraindividual study included 56 oncology patients who received a SD  
(13.86 mGy) and a consecutive LD (7.15 mGy) thoracic-abdominal-pelvic DECT from April 2022 to July 
2023 at The First Affiliated hospital of Zhengzhou University. SD VMIs were reconstructed using IR at  
50 keV (SD-IR50 keV), while LD VMIs were processed using DLIR at 50 keV (LD-DL50 keV) and 40 keV (LD-
DL40 keV), respectively. Quantitative image parameters [computed tomography (CT) values, image noise, 
and contrast-to-noise ratios (CNRs)], qualitative metrics (image noise, vessel conspicuity, image contrast, 
artificial sensation, and overall image quality), and lesion CNRs and conspicuity were compared. The lesion 
detection rates in the SD-IR50 keV, LD-DL50 keV, and LD-DL40 keV VMIs were assessed according to lesion 
location (lung, liver, and lymph), type, and size. Repeated measures analysis of variance and the Friedman 
test were applied for comparing quantitative and qualitative measures, respectively. The Cochran Q test was 
used for comparing lesion detection rates.
Results: Compared to SD-IR50 keV VMIs, LD-DL50 keV VMIs showed similar CT values and image noise 
(P>0.05), similar (P>0.05) or higher(P<0.05) CNRs, similar (P>0.05) or superior (P<0.05) perceptual image 
quality, and similar (P>0.05) or higher (P<0.001) lesion CNR and conspicuity. LD-DL40 keV VMIs exhibited 
higher CT values (by 40.4–47.1%) and CNRs (by 21.8–39.8%) (P<0.001), equivalent image noise, similar 
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Introduction

Malignant tumors, such as those in the liver, lungs, and 
gastrointestinal tract, have been shown to exhibit high 
5-year recurrence rates (1,2), and multiphase dynamic 
thoracic-abdominal-pelvic computed tomography (CT) 
scans are recommended for surveillance. These scans are 
crucial for excluding the presence of distant metastases and 
play a significant role in the initial diagnosis stage, follow-
up, and evaluation of therapeutic effects (3-5). However, 
the radiation dosage received due to the repeated scans is 
a major concern. Reducing the radiation dose in thoracic-
abdominal-pelvic CT is beneficial but may increase image 
noise, degrade image quality, and hinder the detection 
and diagnosis of tumor lesions, especially for small and 
low-contrast liver metastases (6). In recent years, dual-
energy computed tomography (DECT) has been widely 
applied due to its capability to provide valuable diagnostic 
information. Moreover, DECT low-kiloelectron volt 
(keV) virtual monochromatic images (VMIs) can enhance 
iodine attenuation and improve the contrast of organ 
structures and lesions, thereby improving the detection 
and characterization of lesions (7-10). However, low-keV 
VMIs suffer from high-image noise. Previous studies (11) 
have shown that iterative reconstruction (IR) algorithms 
can suppress image noise, but these IR algorithms may also 
degrade the spatial resolution of low-contrast and small 
objects under reduced radiation doses.

Recently, a commercially available deep learning 

image reconstruction (DLIR) algorithm (TrueFidelity, 
GE HealthCare, Chicago, IL, USA) has been developed 
to address the limitations of conventional filtered back 
projection (FBP) and IR methods (11-14). For DECT, 
DLIR preserves image sharpness, texture, and artifact 
qualities by training deep neural networks with low-
dose (LD) material (i.e., iodine and water)-decomposed 
sinograms of different kV measurements as input and high-
dose FBP images of dual-energy acquisitions from the same 
phantoms and patients as the ground truth. Based on large-
scale training and testing datasets, the DLIR process is 
highly capable in differentiating between image signals and 
noise in both material bases in spectral CT (15). However, 
studies on the applications of DLIR in LD DECT are rare. 
Two recent studies reported that DLIR provides superior 
noise reduction for LD DECT compared to FBP and IR 
while maintaining good image contrast/texture and lesion 
conspicuity/detection (16,17). However, both studies solely 
focused on abdominal CT and applied single-energy CT 
(SECT) in the control group, and only one study applying 
DLIR in thoracic-abdominal-pelvic DECT focused 
on improving the image quality, but it did not evaluate 
diagnostic lesion detection (16). Thus, the capability of LD 
low-keV thoracic-abdominal-pelvic DECT with DLIR 
for detecting various types of tumor lesions in different 
locations and sizes remains relatively unclear.

Hence, we conducted a study with the aim of assessing 
the efficacy of LD thoracic-abdominal-pelvic DECT at 

(P>0.05) or superior (P<0.05) perceptual image quality except for artificial sensation, and similar (P>0.05) or 
higher (P<0.001) lesion CNRs (by 16.5–46.3%) and conspicuity. The VMIs of LD-DL50 keV and LD-DL40 keV  
were consistent with those of SD-IR50 keV in terms of lesion detection capability in pulmonary nodules  
[SD-IR50 keV vs. LD-DL50 keV vs. LD-DL40 keV: 88/88 (100.0%) vs. 88/88 (100.0%) vs. 88/88 (100.0%); P>0.99], 
for lymph nodes [125/126 (99.2%) vs. 123/126 (97.6%) vs. 124/126 (98.4%); P>0.05], and high-contrast 
liver lesions [12/12 (100.0%) vs. 12/12 (100.0%) vs. 12/12 (100.0%); P>0.05], but not for small liver lesions 
(≤0.5 cm) [63/65 (96.9%) vs. 43/65 (66.2%) vs. 51/65 (78.5%); P<0.05] or low-contrast liver lesions [198/200 
(99.0%) vs. 174/200 (87.0%) vs. 183/200 (91.5%); P<0.05]. 
Conclusions: VMIs at 40 keV with DLIR enables a 50% decrease in the radiation dose while largely 
maintaining diagnostic capabilities for multidetection of pulmonary nodules, lymph nodes, and liver lesions 
in oncology patients.
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40 and 50 keV with DLIR in enhancing image quality and 
detecting pulmonary nodules, lymph nodes, and liver lesions 
in oncology patients and compared its performance to that 
of standard-dose (SD) DECT with IR. To the best of our 
knowledge, this is the first comprehensive multidetection 
study using LD thoracic-abdominal-pelvic DECT with 
DLIR. We present this article in accordance with the 
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-197/rc).

Methods

This prospective study was approved by the Human 
Research Ethics Committee of The First Affiliated Hospital 
of Zhengzhou University (No. 2022-KY-0752-001) and was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). All patients provided written informed 
consent before participation. This study was registered 
in the China Clinical Trial Registry (registration No. 
ChiCTR-DPD-16010302). 

Participants and study design

We prospectively recruited participants scheduled for 
thoracic-abdominal-pelvic contrast-enhanced CT for 
tumor surveillance during the accrual period spanning from 
April 2022 to July 2023 at The First Affiliated Hospital 
of Zhengzhou University. The inclusion criteria were as 
follows: (I) suspected tumor metastases and/or recurrence 
after surgery or chemotherapy for malignant tumors, (II) 
age 18 years or older, and (III) no pregnancy. Meanwhile, 
the exclusion criteria were as follows: (I) impaired renal 
function (glomerular filtration rate <30 mL/min/1.73 m2), 
(II) history of allergic reaction to iodine, (III) presence of 
more than 20 metastases, and (IV) severe motion artifacts. 
The inclusion and exclusion criteria are listed in Figure 1.

On the basis of expected CT accuracy with an assumed 
discordant rate of 10% or higher (6), our power analysis, 
conducted with PASS 15 statistical software (NCSS, 
Kaysville, UT, USA), indicated that 50 participants would 
achieve a statistical power of at least 80% with a one-sided 
type I error rate of 10%. A total of 56 oncology participants 

Figure 1 Flowchart of the patient enrollment and study design. CT, computed tomography; GFR, glomerular filtration rate; IR, iterative 
reconstruction; ASIR, adaptive statistical iterative reconstruction; DLIR-H, deep learning image reconstruction at high strength. 

Participants scheduled to undergo thoracic-abdominal-pelvic CT scans (n=68)

Patients enrolled (n=56)

Quantitative analysis and qualitative analysis

Standard-dose portal venous phase (n=56)

50 keV with IR (ASIR-V 50%) reconstruction

Low-dose portal venous phase (n=56)

50 keV with DLIR-H 40 keV with DLIR-H

Exclusion criteria:
•	 Impaired renal function (GFR <30 mL/min/1.73 m2) (n=1)
•	 History of allergic reaction to iodine (n=0)
•	 Patients with more than 20 metastases (n=7)
•	 Several motion artifacts (n=4)

Inclusion criteria:
•	 Suspected tumor metastases and/or recurrence 

after surgery or chemotherapy for malignant tumors
•	 Age ≥18 years old
•	 Not pregnant
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(29 males and 27 females; age 58.3±11.9 years) were enrolled 
in this intraindividual study. Each patient underwent two 
consecutive thoracic-abdominal-pelvic DECT scans in a 
single breath hold during the portal venous phase: an SD 
protocol and a LD protocol (50% of SD protocol). The 
SD protocol was set to approximate the 25–75th percentile 
volume CT dose index (CTDIvol) reported in the American 
College of Radiology Dose Index Registry (9–19 mGy) (18). 
The study flowchart is illustrated in Figure 1.

Image acquisition 

All CT examinations were performed using a Revolution 
Apex CT scanner (GE HealthCare, Chicago, IL, USA). 
For each patient, nonionic intravenous contrast material 
[350 mgI/mL; Omnipaque (iohexol), GE HealthCare] 
was administered at a rate of 3 mL/s, with a 450 mgI/kg 
lean-body-weight contrast media protocol (total contrast 
media volume of 70–120 mL) (19). No adverse reactions 
to contrast material were reported. Following a bolus 
tracking of 120 Hounsfield units (HU) in the abdominal 
aorta, a delay of 12 s was performed. DECT under an SD 
protocol was then performed for the arterial phase. These 
arterial phase images were not included for analysis in this 
study. After another delay of 30 s, two consecutive thoracic-
abdominal-pelvic DECT scans were acquired in a single 
breath hold during the portal venous phase. The first CT 
scan was performed in the craniocaudal direction with the 
SD protocol, while the second scan was performed using the 
LD protocol immediately afterwards in the reverse direction 
to minimize contrast material time differences (6,20). These 
portal venous phase images were processed, evaluated, 
and compared in this study. The scanning parameters for 
the LD protocol were set to achieve approximately a 50% 
reduction in radiation dose compared to the SD protocol, 
and the scanning parameters were as follows: tube voltage, 
80/140 kVp; detector configuration, 0.625×128 mm; beam 
collimation, 80 mm; pitch, 0.992:1; and rotation time, 0.5 s.  
The tube current modulation was set to 335 mA for the 
SD scan and to 190 mA for the LD scan. The duration of 
the venous phase scan was around 6 s, and the time interval 
between two consecutive venous phase scans was around 1 s.

Image reconstruction and DLIR for DECT

The SD protocol DECT images were reconstructed 
using IR. Previous studies (21,22) and our clinical 
experiments have indicated that a hybrid model-based 

adaptive statistical iterative reconstruction blended with 
50% FBP (50% ASIR-V) is suitable for the SD protocol 
DECT images. Therefore, the raw data from the SD 
protocol were reconstructed into VMIs at 50 keV using 
50%ASIR-V (SD-IR50 keV). The LD protocol DECT 
images were reconstructed using DLIR (TrueFidelity, GE 
HealthCare) (13), which is trained on convolutional neural 
networks with multiple layers and thousands of interlayer 
connections. DLIR can appropriately handle the material 
decomposition in the projection domain by learning the 
unique characteristics of the noise in different material 
bases (i.e., iodine and water) to achieve noise reduction 
and texture preservation on DECT. The input data for 
the networks were LD material-decomposed sinograms 
of the low- and high-kV measurements, and the ground 
truth data were the high-dose spectral high-quality FBP 
images. DLIR learned the characteristics of high-quality 
images and processed a solid capability to differentiate 
between image signals and noise in DECT via training on 
the robust training data set containing both phantom and 
clinical data that contained multiple anatomies, contrast 
imaging conditions, and many different noise realizations 
for various clinical imaging scenarios. Therefore, DLIR 
could reconstruct high-quality images from noisy LD 
scanning and preserve the image texture similar to the high-
dose FBP, even in challenging LD spectral CT cases. DLIR 
provides three selectable reconstruction strength levels (low, 
medium, high) to control the strength of noise reduction, 
and the high-strength level demonstrated the most 
substantial noise reduction capability. According to previous 
studies (17,21,23) and our clinical experience, DLIR at 
high strength (DLIR-H) was determined appropriate for 
the LD protocol. The raw data from the LD protocol were 
reconstructed into VMIs with DLIR-H at 50-keV (LD-
DL50 keV) and at 40 keV (LD-DL40 keV), respectively.

Quantitative image analysis 

Images were analyzed on a commercially available 
workstation (Advantage Workstation 4.7, GE HealthCare). 
All CT images with a slice thickness of 1.25 mm were 
evaluated by two radiologists (each with 10 years of 
experience in thoracic-abdominal-pelvic radiology). 
The quantitative measurement results between the two 
readers were averaged to ensure accuracy. The HU 
of attenuation of the liver, pancreas, portal vein, and 
paraspinal muscle at the level of the portal vein and the 
CT values of all lesions (including pulmonary nodules, 
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focal liver lesions, and lymph nodes) were each measured 
within a circular region of interest (ROI). The details 
of ROIs are described in Appendix 1. Image noise was 
defined as the standard deviation of HU in a homogeneous 
region of the subcutaneous fat on the anterior abdominal 
wall away from artifacts or vessels. The size, shape, 
and position of the ROI remained consistent, and the 
measurements were performed three times at different 
image levels to calculate the average values. The contrast-
to-noise ratios (CNRs) relative to the muscle for the 
organs of interest (liver, pancreas, and lymph node) were 

calculated as follows: ROI m
ROI

n

CT CTCNR
SD
−

= , where CTROI  

is the mean attenuation of the ROI, CTm is the mean 
attenuation of the paraspinal muscle, and SDn is the mean 
image noise (13,24). Similarly, the CNRs of the portal vein, 
pulmonary nodule, and focal liver lesions were computed 

as follows: /target liver lung
target

n

CT CT
CNR

SD
−

= , where CTtarget is the 

mean attenuation of the organ or structure of interest.

Qualitative image analysis 

The three sets of images were anonymized and randomly 
distributed to two radiologists (with 15 and 6 years 
of experience in thoracic-abdominal-pelvic radiology, 
respectively) for review. They were allowed to optimally 
adjust the window width and level. An interval of at 
least 4 weeks was set between the two reading sessions 
to minimize the recall bias. A 5-point Likert scale (5, 
excellent; 4, good; 3, acceptable; 2, subacceptable; and 1,  
not acceptable) was used to rate all clinical images in terms 
of the following criteria (22,24,25): (I) image noise—
the amount of graininess or mottle present in the images; 
(II) vessel conspicuity—ability to identify the margins of 
the segmental branch level of the portal vein; (III) image 
contrast—depiction of the contrast between the vessel and 
adjacent nontumorous liver parenchyma; (IV) artificial 
sensation—image twisting or altering due to pixilation or 
blotchy appearance and texture changes; and (V) overall 
image quality—reader’s confidence in making a reasonable 
diagnosis from the image (readers were informed that a 
score of ≤2 would be considered inadequate for diagnosis).

Lesion analysis and reference standard 

A reference standard was established using the saved 

reader marks and all available clinical data. The diagnosis 
of the lesions was determined through a combination of 
imaging modalities (e.g., magnetic resonance imaging, 
positron emission tomography-CT, or follow-ups), and/or 
pathology (biopsy or surgery). One experienced radiologist 
(with over 15 years of experience in interpreting thoracic-
abdominal-pelvic CT images) was instructed to annotate 
and save marks for all lesions in the three sets of images, 
including pulmonary nodules, focal liver lesions, and lymph 
nodes. The number and size of visible standard lesions were 
recorded using electronic calipers. The liver lesions were 
further divided into low- and high-contrast lesions based on 
CT attenuation relative to the surrounding tissues (26) (see 
Appendix 2 for details). Subsequently, two radiologists were 
asked to rate the conspicuity of each lesion independently 
in the three sets of images using a comparative Likert-type 
scale as follows (21): 5, optimal reconstruction; 4, slightly 
inferior (does not affect diagnosis); 3, mildly inferior 
(may slightly affect the diagnosis); 2, moderately inferior 
(may affect the diagnosis to some extent); and 1, markedly 
inferior (interferes with the diagnosis). The two observers 
were informed about the presence and location of the 
lesions but were blinded to clinical information and the CT 
image reconstruction methods, and the review of SD-IR50 

keV and LD-DL50 keV and LD-DL40 keV images in the same 
participant was separated by a 4-week delay to minimize 
recall. The raters were allowed to scroll and adjust the 
window level and width while evaluating the cases. Besides 
qualitative measures, the CNR of each lesion in every image 
was also calculated.

The lesion detection task was performed on the three 
image sets via the consensus of two blinded radiologists with 
15 and 10 years of experience, respectively. If any reader 
detected a lesion in a specific image, it was considered 
detectable. The detection rate for lesions in each image set 
was calculated as follows:

100%number of detectable lesionslesion detection rate
number of total lesions

= × .

Radiation dose

Radiation exposure data, including CTDIvol, and the dose-
length product (DLP) displayed on the CT console, were 
recorded after the examination. The effective radiation dose 
(ED) in millisievert (mSv) was calculated by multiplying 
the DLP by the coefficient of 0.015 mSv/(mGy·cm). The 
size-specific dose estimate (SSDE) was calculated using the 
method described in AAPM Report 204, which multiplies 

https://cdn.amegroups.cn/static/public/QIMS-24-197-Supplementary.pdf
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the CTDIvol by a size-specific conversion factor (27).

Statistical analysis

All statistical analyses were conducted using R version 4.1.3  
(R Development Core Team). Numerical values are presented 

as the mean ± standard deviation. Repeated-measure analysis 
of variance was used to compare the CTDIvol, CT values, 
image noise, and CNR between the SD-IR50 keV, LD-DL50 keV, 
and LD-DL40 keV images. The qualitative image scores were 
compared using the Friedman test. In the case of significant 
difference, post hoc pairwise comparisons were conducted 
with Bonferroni correction. The detection rate was analyzed 
using the Cochran Q test. In case of significant difference, 
post hoc pairwise McNemar tests were further conducted. 
Moreover, the detection rate of lesions was analyzed by 
subgroups based on (I) lesion location, (II) lesion size (largest 
diameter), and (III) lesion type. A two-tailed P value <0.05 
was considered statistically significant. The weighted Cohen 
kappa statistic was used to assess interreader agreement and 
was categorized as follows: 0.01–0.20 poor, 0.21–0.40 fair, 
0.41–0.60 moderate, 0.61–0.80 substantial, and 0.81–1.00 
excellent agreement (7,17,20).

Results

Participant characteristics and radiation dose

The characteristics of participants and lesions are 
summarized in Table 1 and Table S1 in the Appendix. The 
original diagnoses of these 56 participants were confirmed 
by biopsy or surgical pathology, and the primary tumors 
were located in the chest for 18 participants, in the 
abdomen for 33 participants, and in other locations for 5 
participants.

For the SD protocol, the mean CTDIvol was 13.8 mGy, 
the mean SSDE was 19.41±1.70 (range, 16.90–22.83) mGy,  
and the ED was 13.22±2.57 (range, 7.00–15.83) mSv. 
Compared with the SD protocol, the LD protocol resulted 
in a mean dose reduction of approximately 50%, with a 
mean CTDIvol of 7.30 mGy, a mean SSDE of 10.74±1.33 
(range, 9.10–14.23) mGy, and a mean ED of 7.31±1.73 
(range, 3.61–9.18) mSv.

Quantitative and qualitative image quality

Table 2 summarizes the results of quantitative and qualitative 
analyses. The pairwise comparison results on image noise 
and CNRs of the anatomical structure are depicted in 
Figure 2. The intra- and interagreements were substantial 
(weighted kappa statistic 0.67–0.73), and additional details 
are included in Figure 3 and Table S2.

In the quantitative comparison, the CT values, image noise, 
and CNRs of the liver and pancreas of LD-DL50 keV VMIs 

Table 1 Participant and lesion characteristics

Parameter Value

No. of participants 56

Age (years) 58.3±11.9

Sex, n (%)

Male 29 (51.8)

Female 27 (48.2)

Height (cm) 166.0±8.9

Weight (kg) 65.2±10.3

Body mass index (kg/m2) 23.7±3.7

Anterior-posterior diameter (cm) 23.5±2.6

Transverse diameter (cm) 30.9±2.3

Effective diameter (cm) 26.9±2.3

Primary tumor (No. of patients)

Lung 9

Stomach 8

Esophageal 4

Liver 11

Pancreas 2

Colorectum 9

Lymph node 3

Breast 5

Other 5

Lesions (No. of lesions/No. of patients)†

Pulmonary nodules 88/13

Liver lesions 212/32

Lymph nodes 126/25

Size (cm)

Pulmonary nodules 0.85±0.32

Liver lesions 2.60±1.71

Lymph nodes 1.39±0.43

Data are presented as n or mean ± standard deviation or n (%). 
†, lesion characteristics including type, number, and size are 
summarized in Table S1 in the Appendix.

https://cdn.amegroups.cn/static/public/QIMS-24-197-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-197-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-197-Supplementary.pdf
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were similar to those of SD-IR50 keV VMIs (P>0.05). In the 
qualitative comparison with SD-IR50 keV VMIs, LD-DL50 keV  

VMIs showed improved image noise (P<0.05), worse vessel 
conspicuity (P<0.05), and similar image contrast, artificial 
sensation, and overall image quality (P>0.05).

Moreover, as compared to those of SD-IR50 keV VMIs, the 
CT values of LD-DL40 keV VMIs increased by 40.4–47.1% 
(all P values<0.001), and the CNR values significantly 
increased by 21.8–39.8% (all P values <0.001). For the 
qualitative comparison with SD-IR50 keV VMIs, LD-DL40 keV 
VMIs showed comparable scores on image noise and vessel 
conspicuity (P>0.05), lower scores on artificial sensation and 
overall image quality, and higher scores on image contrast 
(all P values <0.05).

Lesion conspicuity and lesion detectability

This study identified 426 lesions in 56 patients, among 

whom 13 (23.2%) had a combined 88 pulmonary nodules, 
32 (57.1%) a combined 212 liver lesions, and 25 (44.6%) 
a combined 126 lymph node. The CNRs and lesion 
conspicuity scores for all types of lesions are presented in 
Table 3 and Figure 4. The pairwise comparison results on 
lesion CNRs are depicted in Figure 5. Figure 6 presents 
examples of different types of lesions in SD-IR50 keV,  
LD-DL50 keV, and LD-DL40 keV VMIs.

Compared to SD-IR50 keV VMIs, LD-DL50 keV VIMs 
had higher CNRs in pulmonary nodules (P<0.001) but 
similar CNRs in solid focal liver lesions and lymph nodes 
(P>0.05); meanwhile, LD-DL40 keV VMIs had higher CNRs 
in low-contrast liver lesions and lymph nodes (representing 
increases of 16.5% and 46.3%, respectively; P<0.001) and 
equivalent CNRs in high-contrast liver lesions (P>0.05).

The lesion detection rates among the three image sets 
were evaluated according to lesion location, size, and type, 
and the findings are presented in Table 4. For pulmonary 

Table 2 Comparison of quantitative (CT value, image noise, CNR) and qualitative image quality across the three image sets

Parameter SD-IR50 keV LD-DL50 keV LD-DL40 keV P value

CT value (HU)

Liver 166.16±30.05* 166.14±26.38* 233.21±37.97†‡ <0.001

Pancreas 154.66±31.24* 153.55±24.02* 225.89±35.83†‡ <0.001

Paraspinal muscle 72.44±9.43†* 78.19±8.91*‡ 103.97±13.31†‡ <0.001

Portal vein 302.12±68.64* 300.99±58.77* 426.95±88.03†‡ <0.001

Image noise (HU)

Subcutaneous fat 15.60±5.93 13.13±4.70* 18.05±6.95† <0.001

CNR

Liver 6.84±3.59* 7.65±3.90* 8.33±4.55†‡ 0.023

Pancreas 6.16±3.65* 6.66±3.91* 8.05±4.99†‡ 0.001

Portal vein 10.38±6.52†* 12.74±6.89*‡ 14.51±6.49†‡ <0.001

Qualitative image quality

Image noise 3.70±0.61† 3.95±0.59*‡ 3.60±0.56† 0.002

Vessel conspicuity 4.21±0.57† 3.90±0.63*‡ 4.08±0.73† <0.001

Image contrast 4.74±0.37* 4.72±0.40* 4.90±0.23†‡ <0.001

Artificial sensation 4.08±0.47* 3.99±0.49 3.88±0.54‡ 0.003

Overall image quality 4.10±0.52* 4.00±0.52* 3.84±0.59†‡ 0.009

Data are presented as the mean ± standard deviation. *, P<0.01 indicates a statistically significant difference with LD-DL40 keV; 
†, P<0.05 

indicates a statistically significant difference with LD-DL50 keV; 
‡, P<0.01 indicates a statistically significant difference with SD-IR50 keV.  

CT, computed tomography; CNR, contrast-to-noise ratio; SD-IR50 keV, standard-dose 50-keV virtual monochromatic images with 
iterative reconstruction; LD-DL50 keV, low-dose 50-keV virtual monochromatic images with DLIR-H; LD-DL40 keV, low-dose 40-keV virtual 
monochromatic images with DLIR-H; DLIR-H, deep learning image reconstruction at high strength; HU, Hounsfield unit. 
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Figure 2 Forest plots for the mean quantitative difference of image noise and CNRs of the anatomical structure among different image sets 
with 95% confidence intervals. (A) Image noise, (B) CNR of the liver, (C) CNR of the pancreas, and (D) CNR of the portal vein. *, P<0.05; 
**, P<0.01. LD-DL40, low-dose 40-keV virtual monochromatic images with DLIR-H; LD-DL50, low-dose 50-keV virtual monochromatic 
images with DLIR-H; SD-IR50, standard-dose 50-keV virtual monochromatic images with IR; CNR, contrast-to-noise ratio; DLIR-H, deep 
learning image reconstruction at high strength; IR, iterative reconstruction.

nodules, both SD protocol  and LD protocols could 
provide full detectability on all nodules regardless of size 
and type (overall: 88/88, 100%). For liver lesions, 210 of 
212 lesions (99.1%) were detected at SD-IR50 keV, and the 
detection rates for the LD-DL50 keV and LD-DL40 keV images 
were 87.7% (186/212) and 92.0% (195/212), respectively 
(P<0.001). This inferior detection of the LD protocol was 
due to the poorer detection of small lesions (≤0.5 cm) (LD-
DL50 keV: 43/65, 66.2%; LD-DL40 keV: 51/65, 78.5%) and 
low-contrast lesions (LD-DL50 keV: 174/200, 87.0%; LD-
DL40 keV: 183/200, 91.5%). Nevertheless, LD-DL40 keV 

VMIs, compared to LD-DL50 keV VMIs, exhibited higher 
detection rates for small or low-contrast lesions (P<0.05). 
No difference was observed in medium- and large-sized or 
high-contrast liver lesions (all P values >0.05). Regarding 
lymph nodes, the detection rates in the SD-IR50 keV and LD 

protocols were comparable with respect to the different 
types and sizes of nodes. Additional details are provided in 
Appendix 3.

Discussion

Our study found that low-keV thoracic-abdominal-
pelvic DECT with DLIR, as compared to conventional 
DECT with IR, allowed for a 50% reduction in radiation 
dose while largely preserving image quality and lesion 
detection in oncology patients. Specifically, the lesion 
detection capabilities were maintained in LD-DL50 keV 
and LD-DL40 keV VMIs at various locations, including 
lung, liver, and lymph and for different sizes and types of 
lesions excepted for small (≤0.5 cm) or low-contrast liver 
lesions. Furthermore, LD-DL40 keV VMIs showed improved 
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Figure 3 Subjective image quality. Bar graphs show qualitative scores marked by two independent readers using a 5-point discrete visual 
scale. The SD-IR50 keV images were superior to LD images in all categories assessed except for the image noise scores, while the LD-
DL50 keV and LD-DL40 keV images were rated good by both readers. SD-IR50, standard-dose 50-keV virtual monochromatic images with 
iterative reconstruction; LD-DL50, low-dose 50-keV virtual monochromatic images with DLIR-H; LD-DL40, low-dose 40-keV virtual 
monochromatic images with DLIR-H; DLIR-H, deep learning image reconstruction at high strength; LD, low-dose. 
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Table 3 Qualitative (lesion conspicuity) and quantitative (CNR) comparison of lesions

Item SD-IR50 keV LD-DL50 keV LD-DL40 keV P value

CNR

Pulmonary nodule 62.86±26.43† 88.50±21.04*‡ 62.29±20.74† <0.001

Solid focal liver lesion

High-contrast lesion 6.05±2.52 7.73±4.36 8.44±4.68 0.063

low-contrast lesion 8.74±5.22* 9.87±6.98 10.18±6.91‡ 0.009

Lymph node 4.02±3.30* 4.74±3.41* 5.88±3.94†‡ 0.043

Lesion conspicuity

Pulmonary nodule 5.00±0.00 4.96±0.19 4.96±0.19 0.135

Solid focal liver lesion

High-contrast lesion 4.48±0.68 4.24±0.83* 4.71±0.64† 0.003

Low-contrast lesion 4.63±0.56† 4.46±0.76*‡ 4.74±0.56† <0.001

Lymph node 4.71±0.61* 4.60±0.79 4.79±0.50‡ <0.001

Data are presented as the mean ± standard deviation. P values were calculated with repeated-measure analysis of variance between the three 
groups. *, P<0.01 indicates a statistically significant difference with LD-DL40 keV; 

†, P<0.05 indicates a statistically significant difference with 
LD-DL50 keV; 

‡, P<0.01, indicates a statistically significant difference with SD-IR50 keV. CNR, contrast-to-noise ratio; SD-IR50 keV, standard-dose  
50-keV virtual monochromatic images with iterative reconstruction; LD-DL50 keV, low-dose 50-keV virtual monochromatic images with DLIR-H; 
LD-DL40 keV, low-dose 40-keV virtual monochromatic images with DLIR-H; DLIR-H, deep learning image reconstruction at high strength. 
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Figure 4 Violin plots combined and box plots representing data distribution for CNRs and lesion conspicuity rates for (A) pulmonary nodules, (B) 
high-contrast lesions, (C) low-contrast lesions, and (D) lymph nodes. LD-DL40 keV images showed higher CNR values of lesions and provided 
the best lesion conspicuity scores. *, P<0.05; **, P<0.01; ***, P<0.001. CNR, contrast-to-noise ratio; SD-IR50, standard-dose 50-keV virtual 
monochromatic images with iterative reconstruction; LD-DL50, low-dose 50-keV virtual monochromatic images with DLIR-H; LD-DL40, low-
dose 40-keV VMIs with DLIR-H; DLIR-H, deep learning image reconstruction at high strength; VMIs, virtual monochromatic images. 
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Figure 5 Forest plots for the mean quantitative difference of CNRs for all lesions among different image sets with 95% confidence 
intervals. (A) CNRs of pulmonary nodules, (B) CNRs of high-contrast lesions, (C) CNRs of low-contrast lesions, and (D) CNRs of lymph 
nodes. **, P<0.01. CNR, contrast-to-noise ratio; LD-DL40, low-dose 40-keV virtual monochromatic images with DLIR-H; LD-DL50, low-
dose 50-keV virtual monochromatic images with DLIR-H; SD-IR50, standard-dose 50-keV virtual monochromatic images with iterative 
reconstruction; DLIR-H, deep learning image reconstruction at high strength.

capability in detecting small-sized or low-contrast lesions 
than did LD-DL50 keV VMIs.

The image quality of VMIs are related to virtual 
monochromatic energy level, radiation dose, and image 
reconstruction. Low-keV VMIs (40 and 50 keV) improve 
iodine contrast through increased iodine attenuation but 
are also associated with increased image noise and beam-
hardening artifacts, especially at low energy levels close to 
the k-edge of iodine at 33 keV (28,29). This issue can be 
alleviated by image reconstruction methods, such as DLIR. 
DLIR for DECT is a new-generation algorithm that is 
trained on separate deep neural networks for iodine and 
water materials to improve the ability to decrease image noise 
and to preserve image sharpness and texture. Therefore, 
DLIR can improve lesion detectability at reduced radiation 
doses and facilitate the use of reduced-dose low-keV VMIs 

for routine clinical applications (15,17). Our study showed 
that the image quality of 50% radiation dose-reduced DLIR-
assisted 50- and 40-keV VMIs was comparable to that of IR-
processed 50-keV VMIs under a standard radiation dose. 
Relative to SD 50-keV VMIs with IR, LD 40-keV VMIs 
with DLIR could further increase organ enhancement by 
40.4–47.1% and increase the CNR values by 21.8–39.8%. 
All subjective scores for DLIR-processed VMIs fulfilled 
the clinical diagnostic requirements and preserved the 
image texture. Our results align with those of previous 
studies that used low energy levels and DLIR to improve 
organ enhancement, reduce image noise, and preserve 
texture in LD settings (16,17). Specifically, Lyu et al. (17) 
reported that for abdominal CT, DLIR-processed 50-keV 
VMIs with a 34% radiation dose reduction could improve 
liver enhancement, maintain image noise, and preserve 
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Figure 6 Four examples of thoracic-abdominal-pelvic contrast-enhanced computed tomography studies obtained with SD-IR50 keV and LD-DL 
at 50 and 40 keV in the same breath hold and present in the same window. In each row, the red box in the first column indicates the location of 
the tumor lesion displayed in the second to the fourth columns. (A) A 60-year-old male with lung cancer surgery in the right middle lobe (0.3-cm  
solid nodule) and (B) a 68-year-old male with a history of gastric cancer and emphysema with a 0.6-cm subsolid nodule in the right upper 
lung. The LD-DL40 keV image shows clearer lung parenchyma and more details than does SD-IR50 keV and LD-DL50 keV. (C) A 65-year-old 
female with hepatic metastases (size: 0.63 cm) in segment 6 from cholangiocarcinoma. LD-DL40 keV offers clearer visualization of vessel edges 
and lesion margins than does SD-IR50 keV and LD-DL50 keV, with respective image noises of 12.3, 10.5, and 14.0 HU. (D) A 57-year-old male 
with lymph node metastases from carcinoma of the pancreas. LD-DL40 keV image demonstrates superior iodine contrast and lesion conspicuity 
compared to SD-IR50 keV and LD-DL50 keV, albeit with increased image noise. SD-IR50 keV, standard-dose 50-keV virtual monochromatic 
images with iterative reconstruction; LD-DL50 keV, low-dose 50-keV virtual monochromatic images with DLIR-H; LD-DL40 keV,  
low-dose 40-keV virtual monochromatic images with DLIR-H; DLIR-H, deep learning image reconstruction at high strength.
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Table 4 Comparison of the lesion detection rate 

Parameter SD-IR50 keV LD-DL50 keV LD-DL40 keV P value

Lesion detection rates by location and type (%)

Pulmonary nodules/overall 100 (88/88) 100 (88/88) 100 (88/88) >0.99

Subsolid nodules 100 (3/3) 100 (3/3) 100 (3/3) >0.99

Solid nodules 100 (81/81) 100 (81/81) 100 (81/81) >0.99

Calcified nodules 100 (4/4) 100 (4/4) 100 (4/4) >0.99

Liver lesions/overall 99.1 (210/212)* 87.7 (186/212)† 92.0 (195/212)‡ <0.001

Low-contrast lesions 99.0 (198/200)* 87.0 (174/200)† 91.5 (183/200)‡ <0.001

High-contrast lesions 100 (12/12) 100 (12/12) 100 (12/12) >0.99

Lymph nodes/overall 99.2 (125/126) 97.6 (123/126) 98.4 (124/126) 0.223

Axillary lymph nodes 100 (12/12) 100 (12/12) 100 (12/12) >0.99

Mediastinal lymph nodes 100 (20/20) 95.0 (19/20) 95.0 (19/20) 0.368

Retroperitoneal lymph nodes 100 (80/80) 98.8 (79/80) 100 (80/80) 0.368

Inguinal lymph nodes 92.9 (13/14) 92.9 (13/14) 92.9 (13/14) >0.99

Lesion detection rates by size (%)

Pulmonary nodules/overall 100 (88/88) 100 (88/88) 100 (88/88) >0.99

Lesion size ≤0.5 cm 100 (31/31) 100 (31/31) 100 (31/31) >0.99

Lesion size 0.6–1.0 cm 100 (39/39) 100 (39/39) 100 (39/39) >0.99

Lesion size >1.0 cm 100 (18/18) 100 (18/18) 100 (18/18) >0.99

Liver lesions/overall 99.1 (210/212)* 87.7 (186/212)† 92.0 (195/212)‡ <0.001

Lesion size ≤0.5 cm 96.9 (63/65)* 66.2 (43/65)† 78.5 (51/65)‡ <0.001

Lesion size 0.6–1.0 cm 100 (38/38) 92.1 (35/38) 94.7 (36/38) 0.097

Lesion size >1.0 cm 100 (109/109) 99.1 (108/109) 99.1 (108/109) 0.368

Lymph nodes/overall 99.2 (125/126) 97.6 (123/126) 98.4 (124/126) 0.223

Lesion size ≤1.0 cm 98 (49/50) 94 (47/50) 96 (48/50) 0.223

Lesion size >1.0 cm 100 (76/76) 100 (76/76) 100 (76/76) >0.99

Data are relative frequencies based on the total number of lesions; numbers in parentheses indicate the specific count of individual 
lesions. P values between the three groups were calculated with the Cochran Q test. *, P<0.001 indicates a statistically significant 
difference between SD-IR50 keV and LD-DL40 keV; 

†, P<0.001 indicates a statistically significant difference between SD-IR50 keV and LD-DL50 keV;  
‡, P<0.05 indicates a statistically significant difference between LD-DL50 keV and LD-DL40 keV. SD-IR50 keV, standard-dose 50-keV virtual 
monochromatic images with iterative reconstruction; LD-DL50 keV, low-dose 50-keV virtual monochromatic images with DLIR-H; LD-DL40 keV, 

low-dose 40-keV virtual monochromatic images with DLIR-H; DLIR-H, deep learning image reconstruction at high strength.

image texture as compared to IR-processed 120-kVp  
images with a full radiation dose. In our study, we evaluated 
the dose reduction ability of DLIR in thoracic-abdominal-
pelvic DECT. Noda et al. (16) showed that DLIR-processed 
40-keV VMIs with a 63% radiation dose reduction achieved 
the minimum diagnostic requirement for screening CT in 
young patients but had increased image noise and reduced 

CNRs compared to 120-kVp images reconstructed by IR 
with a full radiation dose. They examined high-contrast 
tasks at a single 40-keV level but did not include diagnostic 
lesion detection. 

Detection of tumor lesions, especially small or low-
contrast ones, is nontrivial and primarily affected by image 
contrast and image noise (5,30). The ability to detect small 
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or low-contrast tumor lesions is influenced by the increased 
noise of LD low-keV images, even after DLIR processing. 
Although powerful, the DLIR may still slightly influence 
the texture of these small or low-contrast lesions due to the 
difficulty in differentiating them from the increased image 
noise in LD low-keV images. Therefore, the detection 
of small (≤0.5 cm) or low-contrast tumor lesions remains 
a challenge in LD CT (6). Jensen et al. (6) reported that 
reduced-dose DLIR had an inferior performance in 
detecting very small lesions (<0.5 cm) as compared to SD 
IR, which is consistent with our results. Our study further 
showed that DLIR-processed 40-keV VMIs obtained 
higher CNRs, improved perceptual image contrast, similar 
or better lesion CNRs, and lesion conspicuity in thoracic-
abdominal-pelvic imaging as compared to IR- and DLIR-
processed 50-keV VMIs. With these improvements, LD 
40-keV VMIs with DLIR can achieve high lesion-detection 
rates, even for small or low-contrast lesions at 50% of the 
standard radiation dose. Our dose reduction potential was 
less than that of Noda et al. (16) because we considered 
multiple diagnostic tasks. To our knowledge, this is the 
first multidetection study on LD thoracic-abdominal-
pelvic DECT with DLIR. Since the evaluation of potential 
distant metastases of organs takes precedence over radiation 
protection in oncology patients, we cautiously proposed a 
50% reduction in radiation dose for diagnostic thoracic-
abdominal-pelvic DECT.

Reducing radiation exposure in multiple dynamic 
thoracic-abdominal-pelvic CT scans for oncology patients 
is crucial but may hamper the detection of diagnostic 
lesions. Previous studies on SECT showed that DLIR could 
reduce radiation exposure without affecting the detection of 
pulmonary nodules and live metastases (21,31). Two recent 
studies demonstrated that reduced-dose low-keV DECT 
with DLIR provided comparable detection of liver lesions 
to that of SD SECT (17,24). The diagnostic performance 
of low-keV DLIR-assisted reduced-dose DECT in regions 
other than the abdomen has not been investigated. Thus, 
we systematically evaluated the lesion detection at various 
locations (including the lungs, liver, and lymph nodes), 
sizes (small, medium, and large), and types in LD thoracic-
abdominal-pelvic DECT. The results revealed that DLIR 
enables LD thoracic-abdominal-pelvic DECT at 40-keV 
to detect pulmonary nodules, liver metastases, and lymph 
nodes of different sizes and types. Specifically, we found that 
the reduction of radiation by 50% is sufficient for detecting 
pulmonary nodules, lymph nodes, and high-contrast liver 
lesions and is clinically acceptable in the detection of small 

or low-contrast hepatic metastases. The results showed 
that the radiation dose should be decreased cautiously 
with respect to multiple diagnostic tasks, especially those 
involving small or low-contrast lesions. Overall, we 
recommend DLIR-assisted DECT at 40 keV with a 50% 
radiation dose reduction in routine clinical practice for 
follow-up thoracic-abdominal-pelvic imaging in oncology 
patients. 

Several potential limitations of our study warrant 
consideration. First, despite the use of a self-comparison 
design to minimize bias and meet statistical standards, 
our initial experience was based on a limited sample size. 
Second, we used a single vendor’s fast kilovolt-switching 
DECT scanner with representative reconstruction levels. 
External validation with different scanners and CT 
protocols is needed to confirm LD DLIR’s clinical efficacy 
at low-keV VMIs. Finally, prioritizing the assessment of 
distant metastases over radiation protection in oncology 
patients, we cautiously suggest a 50% dose reduction in 
diagnostic thoracic-abdominal-pelvic DECT. We anticipate 
further noninferiority trials on DLIR-assisted VMIs for 
specific diagnostic tasks.

In conclusion, low-keV VMIs with DLIR, as compared 
to SD 50-keV VMIs with IR, allow for a 50% reduction in 
radiation dose while maintaining image quality and lesion 
detection capabilities for thoracic-abdominal-pelvic CT 
in oncology patients. Additionally, the LD 40-keV VMIs 
reconstructed by DLIR provide improved image contrast 
and a superior ability to detect multiple types of lesions. 
Overall, we recommend DLIR-assisted DECT at 40 keV 
with a 50% reduction in radiation dose for follow-up 
thoracic-abdominal-pelvic imaging in oncology patients. 
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