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Abstract
Background  Although efforts have been made to reduce the dose of Contrast Medium (CM) to improve patient 
safety, there are ongoing concerns regarding its potential effects on image quality and diagnostic performance. 
Moreover, research is lacking to establish a lower limit for safe and effective CM dose reduction. To determine whether 
the image quality of contrast-enhanced liver computed tomography (CT) using a reduced amount of iodinated CM 
was similar to that of standard liver CT.

Methods  We enrolled participants at risk for hepatocellular carcinoma with decreased estimated glomerular filtration 
rates (< 60 mL/min/1.73m2). Participants were randomly assigned to the standard group or the renal protection 
protocol (RPP) group. In the standard group, images were reconstructed using hybrid iterative reconstruction 
(iDose), while in the RPP group, low monoenergetic (50-keV) images and deep learning (DL)-based iodine-boosting 
reconstruction were used. Four radiologists independently assessed image quality and lesion conspicuity.

Results  Fifty-two participants were assigned to the standard (n = 25) or RPP (n = 27) groups. The iodine load was 
significantly lower in the RPP group than in the standard group (301.5 ± 1.71 vs. 524 ± 7.37 mgI/kg, P < 0.001). The 
50-keV and DL-based iodine-boosting images from the RPP group exhibited higher image contrast than those from 
the standard group during arterial (3.60 ± 0.65, 3.75 ± 0.60, and 3.09 ± 0.43, respectively) and portal venous phases 
(4.01 ± 0.49, 3.86 ± 0.42, and 3.21 ± 0.31, respectively) (P < 0.05 for all). Overall image quality was superior in the RPP 
group (P < 0.05 for all). No significant difference in lesion conspicuity was observed (P > 0.017).

Conclusions  The reduction in image contrast and overall image quality caused by decreased CM can be restored 
using either low monoenergetic imaging or DL-based iodine-boosting reconstruction.
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Introduction
Hepatocellular carcinoma (HCC) constitutes approxi-
mately 80% of primary liver tumors [1]. Intrahepatic 
recurrence following curative surgical or non-surgical 
treatment can occur in ≥ 70% of patients within 5 years 
[2], necessitating regular follow-up even after treat-
ment. The imaging modalities employed during follow-
up include ultrasound, contrast-enhanced computed 
tomography (CECT), and magnetic resonance imaging 
(MRI). Of these, CECT is the most commonly used due 
to its advantages in the identification of recurrence risk, 
cost, examination time, and the detection of extrahepatic 
metastases. To achieve an adequate contrast-to-noise 
ratio (CNR) in the arterial phase, the use of high con-
centrations of iodinated contrast medium (CM) is often 
required [3]. Although recent studies have argued that 
the risk of contrast-induced acute kidney injury (AKI) has 
been overstated due to confounding factors, substantial 
risk undeniably exists for patients with severely compro-
mised renal function [4], patients with diminished renal 
function who are under surveillance for HCC recurrence, 
iodinated CM administration is often avoided because 
the development of AKI in patients with cirrhosis is not 
uncommon and frequently indicates a poor prognosis [5, 
6]. While ultrasound is often utilized as a primary sur-
veillance modality in patients at risk of developing HCC 
[7, 8], it is not typically recommended in patients with 
prior HCC due to a higher risk of developing HCC com-
pared with those without prior HCC [9, 10]. Addition-
ally, contrast-enhanced MRI is often not preferred due to 
concerns regarding the potential for irreversible nephro-
genic systemic fibrosis [11].

Several studies have reported the use of enhanced 
CNR with reduced amounts of CM, achieved by tech-
niques such as low peak kilovoltage (kVp) or low virtual 
monoenergetic images of dual-energy CT approaches 
[12–15]. However, much of that research focuses on CT 
angiography, where soft tissue contrast is of less impor-
tance, whereas relatively few reports have explored the 
feasibility of abdominal CT. Notably, while low virtual 
monoenergetic images can enhance iodine contrast, 
they are also impacted by an increase in noise. This issue 
can be mitigated using specific noise reduction strate-
gies, such as the spatial frequency separation algorithm 
or anti-correlated noise reduction [16–18]. Neverthe-
less, virtual monoenergetic images can only be gener-
ated through dual-energy CT, which may be unfeasible 
for hospitals that rely on conventional single-energy CT 
scanners. Recently, a deep learning (DL)-based iodine-
boosting method using a 120-kVp single-energy CT 

scanning mode has shown promise in reducing the CM 
dose without diminishing the detection rate of HCC 
compared with standard CM dose acquisition [19].

Considering the possible advantages of the low 
monoenergetic technique and the DL-based iodine-
boosting algorithm in reducing the CM dose, our study 
focused on patients with chronic kidney disease. Our 
objective was to determine whether the image qual-
ity in liver CECT, conducted with a decreased amount 
of iodinated CM, was non-inferior in patients with 
impaired renal function compared to the standard liver 
CT protocol.

Methods
This prospective single-center randomized study was 
approved by the Institutional Review Board of Seoul 
National University Hospital, and written informed con-
sent was obtained from all participants (NCT04024514). 
Financial support was provided by Riyeon Pharmaceuti-
cals (Seoul, South Korea); however, the authors retained 
full control over the data and information submitted for 
publication.

Participants
Between December 2019 and December 2020, we 
enrolled participants who met the following eligibility cri-
teria: (a) older than 20 years; (b) at high risk of develop-
ing HCC (chronic hepatitis B, C, or liver cirrhosis except 
for congestive hepatopathy) and scheduled for liver CT 
for diagnostic or follow-up purposes; (c) decreased renal 
function (estimated glomerular filtration rate [eGFR] < 60 
mL/min/1.73 m2) and not on dialysis; and (d) provided 
informed consent. Exclusion criteria were as follows: (a) 
younger than 20 years; (b) not at high risk for developing 
HCC; (c) on dialysis; (d) no venous access in the forearm; 
(e) anticipated beam hardening artifacts due to a pros-
thesis; and (f ) any relative or absolute contraindication of 
CECT except renal dysfunction. The eGFR was calculated 
according to the CKD-EPI 2009 formula [20]: eGFR = 141 
× min (serum creatinine [Cr]/κ, 1)α × max (serum Cr/κ, 
1)−1.209 × 0.993age × 1.018 [if female] × 1.159 [if Black], 
where κ is 0.7 for female and 0.9 for male patients, and α 
is − 0.329 for female and − 0.411 for male patients.

Participant assignments
Participants were randomly assigned to either the stan-
dard liver CT protocol group (the standard group) or 
the renal protection protocol liver CT group (the RPP 
group). A computer-generated permuted block ran-
domization process, managed by our medical research 

Trial registration  clinicaltrials.gov, NCT04024514, Registered July 18, 2019, prospectively registered, https://classic.
clinicaltrials.gov/ct2/show/NCT04024514.
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collaboration center, was utilized. The block sizes were 4 
and 6 for a 1:1 allocation. Two stratification factors were 
employed by research coordinators: (a) BMI (< 25 kg/m2 
vs. ≥ 25 kg/m2) and (b) eGFR (< 45 mL/min/1.73 m2 vs. 
≥ 45 mL/min/1.73 m2). Participants, investigators, and 
outcome assessors were all blinded to the participant 
allocation.

CT examination
All participants were asked to fast for at least 6  h prior 
to the CECT examination. Intravenous hydration was 
administered before CT scan, and oral hydration was 
encouraged after examination in accordance with our 
institutional protocol to prevent CM-induced nephro-
toxicity. All CT scans were conducted using a dual-layer 
CT scanner (IQon; Philips Healthcare, Amsterdam, The 
Netherlands) with the following settings: 120 kVp, a gan-
try rotation time of 0.33  s, 64 × 0.625  mm collimation, 
and a slice thickness of 3 mm with 2-mm reconstruction 
intervals. The precontrast, portal venous, and delayed 
phases were acquired before, 70  s after, and 180  s after 
CM administration, respectively. The arterial phase was 
obtained using the bolus tracking technique, initiated 
17  s after reaching a trigger threshold of 150 Houn-
sfield units at the abdominal aorta. The scan parameters 
remained consistent across all four phases.

In our study, we used 525 mgI/kg of iodinated CM for 
the standard liver CT protocol, while 300 mgI/kg was 
used for the RPP liver CT. In the standard group, iodin-
ated CM (Ioversol 350 mgI/mL, Optiray350; Riyeon 
Pharmaceuticals) was administered via a power injector 
(Stellant®; Medrad, Pittsburgh, PA, USA) for 35  s, fol-
lowed by a 30-mL saline flush. In the RPP group, iodin-
ated CM with a lower iodine concentration (Ioversol 320 
mgI/mL, Optiray320; Riyeon Pharmaceuticals) was used 
in the same manner, with the minimum contrast injec-
tion rate set at 2 mL/sec. In both groups, the maximum 
volume of administered CM was limited to one vial (130 
mL) according to our institutional safety protocol.

Image reconstruction
In the standard group, CT images were reconstructed 
using a hybrid iterative reconstruction (iDose level 4). 
In the RPP group, arterial, portal, and delayed phase 
images were reconstructed using a monoenergetic image 
(50  keV) and a DL-based iodine-boosting method, in 
addition to the automatically generated iDose images of 
precontrast, arterial, portal, and delayed phases.

DL-based iodine enhancement — DL-based recon-
struction was carried out using commercially avail-
able software (ClariACE; ClariPi, Seoul, South Korea). 
This method employs a two-stage U-net architecture, in 
which image denoising and contrast augmentation occur 
sequentially. Initially, the DL-based denoising algorithm 

extracts a noise component image from the input image 
(iDose in this study), which is then subtracted from the 
input image [21, 22]. Next, the augmentation process 
begins, during which the iodine component image is 
extracted using the DL-based iodine enhancement algo-
rithm. Ultimately, the extracted iodine component image 
is added to the denoised image, thereby improving the 
signal-to-noise ratio (SNR) and contrast-to-noise ratio 
(CNR) of the augmented CECT image [19].

Image analysis
Qualitative analysis — Four fellowship-trained body 
radiologists (J. H. Y., E. S. L., J. Y. P., and S. M. L., with 12, 
12, 8, and 8 years of experience after fellowship, respec-
tively) independently reviewed the images, ensuring 
that the window width and level were always adjustable. 
Image noise, image contrast, image texture, and over-
all image quality were scored on a 5-point scale for both 
arterial and portal venous phases, with higher scores 
indicating better image quality (Table E1). The location 
and size of non-cystic focal liver lesions (FLLs), exclud-
ing lipiodol uptake, were also documented. Lesion con-
spicuity during the arterial and portal venous phases was 
scored on a 5-point scale as follows: 1, not visible (auto-
matically assigned to missed lesions); 2, barely delineated; 
3, visible with a blurry margin; 4, visible lesion with a rel-
atively sharp margin and acceptable contrast; and 5, clear 
contrast and a sharp margin [13].

Quantitative analysis — One fellowship-trained body 
radiologist (J.H.Y.) drew three circular regions of inter-
est (ROIs) on consecutive slices at the level of the celiac 
trunk in the aorta during the arterial phase and at the 
main portal vein during the portal venous phase. Addi-
tionally, three ROIs were drawn in the liver parenchyma 
at the hilar level, avoiding vessels and FLLs. The average 
Hounsfield unit value was used as a representative value 
for the aorta, main portal vein, and liver parenchyma. 
Finally, circular ROIs were drawn in the subcutaneous fat 
layer of the anterior abdominal wall on three consecutive 
slices during both the arterial and portal venous phases. 
The standard deviation of the ROI values was considered 
to represent the image noise for each phase.

Reference standard
Two fellowship-trained radiologists (J. M. L. and J. H. K., 
with 20 and 4 years of experience, respectively, after fel-
lowship) who did not participate in the review session 
reviewed the images to establish the reference standard 
for FLL detection. This reference standard was based on 
the most recent follow-up imaging, including a standard 
dose of liver CT or liver MRI taken within 3 months for 
patients with LR-3, -4, -5, or -M observations. For both 
groups, interval cancers identified during follow-up were 
considered true FLLs that had been missed on CECT. For 
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those with no FLLs or only benign FLLs, remote cross-
sectional images were used instead of 3-month follow-up 
images. A comprehensive description of the reference 
standard can be found in the supplementary material 1. 
In brief, HCC was diagnosed using histology or typical 
imaging characteristics on CECT, CE-MRI, CE-ultra-
sound, or tumor staining on angiography for transarte-
rial chemoembolization. Benign FLLs were confirmed 
based on the stability of size on follow-up imaging and 
the imaging features.

Study outcome
The primary endpoint is to prove non-inferiority of image 
quality in RPP group compared with standard group. 
Secondary outcome is to compare the lesion conspicu-
ity and detection rates between the two groups. Lastly, 
we collected information of participant-reported anuria, 
follow-up creatinine level and eGFR within a month after 
CT when available.

Statistical analysis
The sample size was determined based on a retrospective 
study examining improved image quality in monoener-
getic images with reduced CM (4.3 ± 0.6 in monoenergetic 
images vs. 3.6 ± 0.3 in standard images) [14]. We assumed 
a one-sided significance level of 0.05, a target power of 
0.95, and an allocation ratio of 1 for each group, along 
with a non-inferiority margin of − 0.2, as informed by a 
previous study of low-dose CT angiography [23]. As a 
result, the minimum number of participants required for 
each group was 22, and the final sample size was set at 52, 
considering an 18% dropout rate.

The independent-samples t-test was conducted to 
assess the differences between the two groups. To evalu-
ate differences based on reconstruction methods within 
the same group, we employed either the paired t-test or 
the Friedman test, as appropriate. The intraclass corre-
lation coefficient (ICC) was calculated to determine the 
inter-observer agreement. Due to the presence of mul-
tiple lesions in a patient, lesion conspicuity was analyzed 
using the generalized estimating equation method. A 
normal distribution and the identity link function were 
applied, and lesion conspicuity was reported with a 95% 
confidence interval (CI).

To compare the detection rate of FLLs between groups, 
we estimated the reader-averaged figure of merit (FOM) 
using the random reader, random lesion method in a 
weighted free response receiver operating characteris-
tic analysis. This considered multiple lesions and lesion 
locations within the same participant. FLLs were consid-
ered to have been detected by each reviewer if the lesion 
conspicuity score was 2 or higher. Lesion conspicuity 
and detection were evaluated for all participants and in 

subgroups stratified by FLL size (less than 20  mm vs. 
20 mm or greater).

All statistical analyses were conducted using commer-
cially available software packages (SAS version 9.4, SAS 
Institute Inc., Cary, NC, USA; SPSS version 27, IBM 
Corp., Armonk, NY, USA; MedCalc version 20.216, Med-
Calc Software, Ostend, Belgium) and R version 4.1.1 (R 
Foundation for Statistical Computing, Vienna, Austria). 
A p-value of less than 0.05 was considered to indicate a 
statistically significant difference.

Results
A total of 52 participants (43 male, mean age 71.9 ± 9.2 
years) were enrolled and randomly assigned to the stan-
dard group (n = 25; 19 male, mean age 73 ± 8.6 years) and 
the RPP group (n = 27; 24 male, mean age 71 ± 9.9 years) 
(Fig. 1). 23% (12/52) of participants had eGFR < 45 mL/
min/1.73 m2. No statistically significant differences were 
observed between the two groups in terms of age, weight, 
body mass index, baseline eGFR, and serum creatinine 
levels (P > 0.05 for all, Table  1). A total of 62 FLLs were 
identified in both groups (47 in the standard group and 
15 in the RPP group). In the standard group, 44% (11/25) 
of participants had 47 non-cystic FLLs: 61.7% (29/47) 
were HCCs, followed by 31.9% with dysplastic nodules 
(15/47), 2.1% with hemangiomas (1/47), 2.1% with post-
inflammatory granulomas (1/47), and 2.1% with vascular 
malformations (1/47). In the RPP group, 22.2% (6/27) of 
participants presented with 15 non-cystic FLLs; 73.3% 
(11/15) were HCCs and 26.7% (4/15) were dysplastic 
nodules. The average FLL size was 15.1 ± 14.8 mm (range, 
5–89  mm) in the standard group and 25.9 ± 20.0  mm 
(9–76  mm) in the RPP group (p = 0.028). FLLs smaller 
than 20 mm constituted 89.3% (42/47) of the FLLs in the 
standard group and 60% (9/15) of those in the RPP group.

CM dose in the standard and RPP groups
The administered CM dose was significantly lower in the 
RPP group than in the standard group (64.6 ± 9.5 mL at 
320 mgI/mL vs. 95.6 ± 15.5 mL at 350 mgI/mL; P < 0.001) 
(Table 1). The iodine load was also significantly lower in 
the RPP group than in the standard group (301.5 ± 1.71 
mgI/kg vs. 524 ± 7.37 mgI/kg; P < 0.001). In one partici-
pant from the standard group, the calculated CM dose 
(140 mL) exceeded the dose of 1 vial (130 mL), and a 
1-vial dose was administered per the study protocol. 
No significant difference in the dose-length product 
was observed between the standard and RPP groups 
(893.9 ± 197.1 vs. 929.7 ± 217.2 mGy·cm, respectively; 
P = 0.538).

Image quality in the standard and RPP groups
Compared to the standard group, the 50-keV recon-
struction images of the RPP group exhibited higher 
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image contrast in both the arterial (3.09 ± 0.43 vs. 
3.60 ± 0.65, respectively; p = 0.002) and portal venous 
phases (4.01 ± 0.49 vs. 3.21 ± 0.31, respectively; P < 0.001). 
Additionally, the 50-keV images from the RPP group 
demonstrated less qualitative image noise and higher 
overall image quality scores in both arterial and portal 
venous phases than the iDose images from standard CT 
(P < 0.001 for all). Conversely, the 50-keV reconstruction 
in the RPP group displayed a less satisfactory image tex-
ture than the standard group in both arterial (4.06 ± 0.32 
vs. 4.48 ± 0.35, respectively) and portal venous phases 
(4.01 ± 0.49 vs. 4.47 ± 0.31, respectively) (P < 0.001 for all) 
(Figs. 2, 3).

For DL-iodine boosted images, the RPP group demon-
strated significantly higher image contrast, lower image 
noise, and better overall image quality than the standard 
group (P < 0.001 for all, Table 2). However, the DL-based 
iodine-boosted images exhibited a more artificial tex-
ture than the standard group in both the arterial phase 
(3.56 ± 0.53 vs. 4.48 ± 0.35, respectively) and the portal 
venous phase (3.50 ± 0.42 vs. 4.47 ± 0.31, respectively; 
P < 0.001 for both).

In the arterial phase, the ICC was 0.574 (95% CI: 
0.453–0.673) for image noise, 0.841 (95% CI: 0.80–0.878) 
for image contrast, 0.569 (95% CI: 0.447–0.670) for 
image texture, and 0.814 (95% CI: 0.762–0.858) for over-
all image quality. In the portal venous phase, the ICC 
was 0.560 (95% CI: 0.435–0.663) for image noise, 0.911 
(95% CI: 0.887–0.932) for image contrast, 0.592 (95% 
CI: 0.476–0.687) for image texture, and 0.840 (95% CI: 
0.795–0.878) for overall image quality.

Lesion conspicuity in the standard and RPP groups
The standard group exhibited lesion conspicuities of 2.21 
in the arterial phase and 2.19 in the portal venous phase 
(Table  3). The RPP group displayed lesion conspicuities 
of 2.49 in the arterial phase and 2.56 in the portal venous 
phase for the 50-keV images, as well as 2.05 in the arte-
rial phase and 2.32 in the portal venous phase for the 
DL-based iodine-boosting images (Fig. 4). No significant 
differences in lesion conspicuity were observed between 
the standard and RPP groups using either 50-keV 
reconstruction or DL-based iodine-boosting (P > 0.05 
for all). Additionally, no significant difference in lesion 

Fig. 1  Study flow. BMI = body mass index, CHB = chronic hepatitis B, CHC = chronic hepatitis C, CKD = chronic kidney disease, eGFR = estimated glomeru-
lar filtration rate, HCC = hepatocellular carcinoma, LC = liver cirrhosis
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conspicuity was found between groups for small FLLs 
(< 20 mm).

Lesion detection in the standard and RPP groups
In the arterial phase, we observed a significant difference 
in lesion detection rates between the standard group and 
the RPP group with 50-keV reconstruction (FOM: 0.594 
vs. 0.825, respectively; p = 0.006) (Table 4). The difference 
in lesion detection rates between the standard group 
and the RPP group with 50-keV imaging was marginally 
significant for the portal venous phase (FOM: 0.574 vs. 
0.735, P = 0.033). No significant differences were found 
between the standard group and the RPP group with 
DL-iodine-boosting reconstruction (FOM: 0.742 in the 

arterial phase, p = 0.163; 0.632 in the portal venous phase, 
p = 0.216). For small FLLs (< 20 mm), no significant differ-
ence was found between the two groups, regardless of the 
reconstruction method used (P = 0.059–0.624, Table 4).

Comparison of reconstruction algorithms in the RPP group
In the RPP group, iDose imaging displayed significantly 
lower image contrast (2.39 ± 0.40) than 50-keV imag-
ing (3.60 ± 0.65) and DL-based iodine-boosting imaging 
(3.75 ± 0.60) during the arterial phase, with similar results 
in the portal venous phase (iDose, 2.41 ± 0.47; 50-keV, 
4.01 ± 0.49; DL-based iodine-boosting, 3.86 ± 0.42) 
(P < 0.001 for all, Table E2) (Fig. 5). The overall image 
quality was also significantly lower in iDose images 

Table 1  Demographic characteristics
Standard group Renal protection 

protocol group
P-
value

Sex
Male: female

19:6 24:3 0.224

Age (years) 73 ± 8.6 71 ± 9.9 0.438

Weight (kg) 64.7 ± 9.8 (51, 93) 68.6 ± 10.2 (52, 97) 0.178

Body mass index (kg/m2) 25.3 ± 4.1 (19.2, 35.4) 25.3 ± 3.1 (18.7, 34) 0.942

Underlying disease 0.076

CHB
CHC
Alcoholic LC
Cryptogenic LC
NASH-LC

80 (20)
8 (2)
8 (2)
0 (0)
4 (1)

51.9 (14)
11.1 (3)
18.5 (5)
18.5 (5)
0 (0)

0.076

Comorbidities
Diabetes mellitus
Hypertension
Coronary disease
Stroke
Non-HCC malignancy

40 (10)
32 (8)
8 (2)
4 (1)
36 (9)

44.4 (12)
22.2 (6)
3.7 (1)
3.7 (1)
11.1 (3)

0.918
0.432
0.511
0.956
0.035

Medications
ACE inhibitor or ARB
Beta-blocker
Diuretic
Immunosuppressant
NSAID

48 (12)
32 (8)
24 (6)
4 (1)
20 (5)

40.7 (11)
22.2 (6)
18.5 (5)
7.4 (2)
14.8 (4)

0.602
0.432
0.632
0.602
0.625

Child-Pugh class
CLD or class A
Class B or C

76 (19)
24 (6)

81.5 (22)
18.5 (5)

0.881

eGFR (mL/min/1.73 m2) 50.14 ± 6.6 (34.6, 59.4) 49.12 ± 7.14 (30.2, 
59.2)

0.593

Serum creatinine 1.34 ± 0.24 (0.94, 1.98) 1.37 ± 0.33 (0.70, 2.40) 0.790

CM amount (mL)† 96.8 ± 13.7 (77, 130) 64.6 ± 9.5 (49, 91) < 0.001

Iodine load (mg/kg)† 524.0 ± 7.37
(489.3*, 528.4)

301.5 ± 1.71 (298, 
306.6)

< 0.001

DLP (mGy∙cm) 893.9 ± 197.1
(690.4, 1455.1)

929.7 ± 217.2
(704.7, 1782.7)

0.538

Note: Values are given as number (percentage) or mean ± standard deviation (range). ACE = angiotensin-converting enzyme, ARB = angiotensin receptor blocker, 
CHB = chronic hepatitis B, CHC = chronic hepatitis C, CLD = chronic liver disease, CM = contrast medium, DLP = dose-length product, eGFR = estimated glomerular 
filtration rate, HCC = hepatocellular carcinoma, LC = liver cirrhosis, NASH = non-alcoholic steatohepatitis, NSAID = non-steroidal anti-inflammatory drug

P-value < 0.05 indicates a statistically significant difference between the two groups

*In one participant, the estimated CM amount (140 mL) exceeded 1 vial of CM (130 mL), and only one vial was administered per study protocol
†We administered CM with different iodine concentrations: 350 mgI/mL for the standard group and 320 mgI/mL for the RPP group
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compared to the other imaging methods (P < 0.001, Table 
E2). No significant differences were observed between 
the 50-keV images and the DL-iodine-boosting images 
in terms of image noise and image contrast during both 
arterial and portal venous phases (P > 0.017). Image tex-
tures were significantly altered in the DL-iodine-boost-
ing images compared to the 50-keV images. However, in 
quantitative analyses, the SNR of the aorta, the SNR of 
the portal vein, and the CNR of the liver were highest in 
the DL-iodine-boosting images, followed by the 50-keV 
images and then the iDose images (Table E2).

Post-contrast renal function follow-up
No participant reported a decrease in urine output within 
48 h after CECT. Only 11 participants (6 in the standard 
group and 5 in the RPP group) underwent a follow-up 
serum creatinine test within 1 month (median, 13 days; 
range, 4–25 days). The mean difference in serum creati-
nine level from before to after the CT examinations was 
0.07 ± 0.09 mg/dL (range, 0.0–0.23) in the standard group 
and 0.006 ± 0.009  mg/dL (0.0–0.02) in the RPP group 
(P = 0.370). The relative difference in post-CT serum cre-
atinine levels from baseline was 4.39% ± 6.24% (range 

Fig. 3  A 63-year-old man with history of HCC and alcoholic liver disease in the RPP group. The participant’s weight was 87 kg, and his body mass index 
was 29.4 kg/m2. The amount of iodine administered was 297.9 mg/kg. Despite the low iodine load, both the arterial (a) and portal venous phase (b) of 
the 50-keV images, as well as the arterial (c) and portal venous phase (d) of the DL-based iodine-boosting reconstructed images, demonstrated sufficient 
image contrast and acceptable image quality. HCC = hepatocellular carcinoma, RPP = renal protection protocol, DL = deep learning

 

Fig. 2  A 70-year-old woman with liver cirrhosis and diabetes in the standard group. The participant’s weight was 70 kg, and her body mass index was 
29.4 kg/m2. The amount of iodine administered was 525 mg/kg. Arterial (a) and portal venous (b) phases demonstrated suitable image contrast and 
acceptable overall image quality
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− 2.16–10.9%) in the standard group and 0.60% ± 0.83% 
(range, − 0.42–1.63%) in the RPP group (P = 0.370).

Discussion
Our study demonstrated that the diminished image con-
trast resulting from a reduction in iodinated CM could 
be restored through 50-keV reconstruction or DL-based 
iodine-boosting techniques. These alternative image 
reconstruction methods were particularly effective in 
participants with impaired renal function. Images from 
the RPP group with 50-keV reconstruction or the DL-
based iodine-boosting techniques exhibited higher image 
contrast scores in both arterial and portal venous phases 
compared to the standard group, despite a 43% reduc-
tion in CM dose. Furthermore, both the 50-keV and 
DL-based iodine-boosting techniques in the RPP group 
provided superior overall image quality compared to 
the standard group for both phases. These findings sug-
gest that the RPP protocol can potentially improve image 
quality through advanced reconstruction techniques, 
such as 50-keV imaging and DL-iodine-boosting, even 
with a smaller CM dose. This is particularly important 
for patients with kidney diseases or other conditions for 
which the administration of CM is a concern. Ensuring 
patient safety is especially crucial for these individu-
als, as they often require repeated scans as part of their 
oncological care. Considering that our study population 
consisted of patients at risk of developing HCC who had 
impaired renal function, minimizing the contrast dose 
administered during CT examinations is crucial. We 
firmly believe that our results support the effectiveness of 
our RPP protocol, which combines a reduced CM dose 
and less conventional image reconstruction techniques, 
for enhancing patient safety while still maintaining ade-
quate image quality for diagnostic purposes.

In our study, we compared the image quality of the 
standard group with hybrid iterative reconstruction and 
the RPP group with DL-based iodine-boosting recon-
struction, as well as low monoenergetic images (50 keV). 
Notably, the subjective image quality was significantly 
better in the DL-based iodine-boosting reconstruction 
images, despite the reduction in CM dose, which is con-
sistent with a recent study [19]. In addition, we inten-
tionally used low iodine concentration CM to ensure 
adequate arterial phase given the significant reduction 
of contrast volume in RPP group. To date, most studies 
aimed at reducing CM dose have utilized low kV to boost 
iodine contrast, which offers the additional benefit of a 
reduced radiation dose [12, 24]. However, low-kV imag-
ing has the disadvantage of potentially increasing the 
radiation dose in larger patients, and its use is limited by 
increased noise and reduced image quality. Therefore, 
low-kV imaging is primarily used for either CT angiog-
raphy or low-dose chest CT, in which acceptable noise 

levels are relatively high due to the inherently high CNR 
between the vessels and background or the focal lesions 
and air. The main purpose of low-kV imaging is to reduce 
radiation dose rather than the CM dose.

Recent technical developments have demonstrated 
another approach to enhance the contrast resolution 
in CECT. In these studies, low monoenergetic images 
(< 70 keV) could boost iodine contrast and provide higher 
SNR and CNR [13, 14]. However, the use of low monoen-
ergetic images remains limited because the main work-
horse in clinical practice is still the single-energy scanner. 
Additionally, low monoenergetic images (< 70  keV) may 
not be adequately available on older dual-energy CT 
scanners due to insufficient noise suppression, which 
arises from the unavailability of noise reduction tech-
niques such as the spatial frequency separation algorithm 
or anti-correlated noise reduction [16–18]. An important 
point in this context is that the DL-based iodine-boost-
ing reconstruction method used in this study is vendor-
neutral. It can increase image contrast regardless of the 
scanner type and reconstruction technique, thus offering 
the advantage of superior generalizability. Therefore, our 
study results demonstrate the potential use of this low-
CM dose protocol in general, without the requirement 
of specific conditions such as certain vendors or scanner 
specifications.

Although image quality improved, we did not observe 
a significant difference in lesion conspicuity and lesion 
detection rates between the standard CT images and 
50-keV or DL-based iodine-boosting reconstruction 
images in the RPP group. Both 50-keV and DL-based 
iodine-boosting reconstruction in the RPP group tended 
to display higher lesion conspicuity than the standard 
group in both arterial and portal venous phases, but this 
finding was not statistically significant. This may have 
been due to the relatively small number of FLLs in each 
group and the associated low statistical power. Since 
we could not predict the occurrence of HCC before CT 
examination, the discrepancy of the FLL size and number 
between the groups caused a challenge of simple compar-
ison for diagnostic performance. Despite the statistical 
insignificance, we cautiously suggest that the tendency 
for similar to higher lesion conspicuity in the RPP group 
on size-stratified comparison implies that diagnostic 
performance might not be compromised by the use of a 
reduced CM dose.

Notably, in the intra-individual comparison between 
50-keV and DL-based iodine-boosting reconstructed 
images, the DL-based iodine-boosting reconstructed 
images exhibited higher SNR and CNR in both the arte-
rial and portal venous phases than the 50-keV images. 
However, the 50-keV images demonstrated better sub-
jective image quality and higher lesion conspicuity than 
the DL-based iodine-boosting images. This may have 
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been due to the alteration of image texture in DL-based 
iodine-boosting images. As discussed above, DL-based 
iodine-boosting was performed in two steps, and the ini-
tial denoising step may introduce additional texture alter-
ation compared to low monoenergetic images. Further 
studies are needed to determine the effects of reduced 
CM and reconstruction methods on FLL detection.

Recently developed techniques, such as dual-energy 
CT and DL-based image reconstruction, have been 
directed towards improving not only the performance 
of CECT, but also examination-related safety. Our study 
results, which demonstrate restored image contrast and 
quality, suggest that a low CM dose protocol could be pri-
oritized for patients at risk of developing AKI. The neces-
sity of this low CM dose protocol may be debatable due 
to a recent paradigm shift regarding contrast-induced 
AKI. Recent studies have shown that the risk of CM for 
inducing AKI has been overstated by comorbidities and 
high-osmolar CM, which is no longer used. As a result, 
recent guidelines have relaxed the criteria for instances 
requiring prophylaxis for AKI. Even the American Col-
lege of Radiology-National Kidney Foundation has stated 
that a reduced CM dose is not specifically required for 
those at risk of AKI due to concerns about suboptimal 
image quality, and a single diagnostic dose should be 
administered [4]. We agree with this statement because 
an unnecessarily high CM dose should be avoided in any 
patient, regardless of their renal function, and our study 
results can be easily applied to populations without renal 
dysfunction.

In addition to reducing the risk of contrast-associated 
or contrast-induced AKI, lowering the CM dose can 
potentially decrease the risk of extravasation and hyper-
sensitivity reactions, which have been reported to be CM 
dose-related [25, 26]. Iodinated CM has been reported to 
increase the absorbed radiation dose [27, 28]. Therefore, 
using a low dose of CM is a crucial step in minimizing 
contrast-related side effects as well as medical radiation 
exposure. Furthermore, the only possible downside of 
reducing the iodinated CM dose is the concern regard-
ing suboptimal image quality. With this in mind, we 
firmly believe that exploring the lower limit of iodinated 
CM reduction is essential. However, the cut-off value 
of a single diagnostic CM dose has not yet been clearly 
established and may vary across patients and CT proto-
cols. Additionally, recent studies have focused on indi-
vidualizing CT protocols—that is, it may be necessary 
to determine on a case-by-case basis whether reducing 
the radiation dose or avoiding the risk of contrast-asso-
ciated nephropathy is more important [29]. We should 
be cautious not to exclude patients solely based on the 
eGFR, as the risk of contrast-associated AKI is estimated 
to be between 10% and 30% depending on the eGFR 
[4]. Comorbidity-related AKI risks are challenging to Ta
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estimate, and the eGFR sometimes exhibits high variabil-
ity [30].

Our study had several limitations. First, the small 
number of participants could affect the statistical power. 
Although the sample size was calculated for the primary 
endpoint, the low incidence of non-cystic FLLs might 
have weakened the statistical significance of comparisons 
between the standard and RPP groups in terms of lesion 
conspicuity and lesion detection. Furthermore, we had 
an imbalance of FLL size and number between the two 
groups. It is inevitable since we could not predict which 
patients would have HCC at the time of enrollment. Sec-
ond, most participants had moderate renal dysfunction, 
as patients with significantly decreased eGFR (< 30 mL/
min/1.73 m2) do not undergo liver CT, and alternative 
examinations such as contrast-enhanced ultrasound or 
non-contrast MRI are often considered for those patients 
according to our institutional policy. However, we believe 
that the patients with moderate renal dysfunction still 
belong to a concerning group since they often had mul-
tiple other risk factors, such as diabetes or nephrotoxic 
medication use. Third, we used only a dual-layer CT 
scanner from a single vendor, which may limit the gen-
eralizability of our findings to other types of scanners. 
Lastly, follow-up serum creatinine values were only avail-
able for a few patients, and we did not observe a signifi-
cant difference in serum creatinine levels between the 
groups. The clinical impact of a reduced CM dose on 

contrast-induced nephropathy in patients with decreased 
renal function remains unknown and should be investi-
gated in future studies.

Conclusion
The reduction of iodinated CM, which leads to decreased 
image contrast and overall image quality, can be compen-
sated for by using either low monoenergetic imaging or 
DL-based iodine-boosting reconstruction methods. A 
low iodine dose of 300 mgI/kg can be compensated for by 
low monoenergetic imaging or DL-based iodine-boosting 
techniques.

Fig. 4  A 71-year-old man with liver cirrhosis in the RPP group. Compared to the iDose image (a), both the 50-keV (b) and DL-based iodine-boosting 
reconstruction (c) demonstrated improved lesion conspicuity of a 12-mm HCC in segment 2 (arrowheads), which was subsequently confirmed through 
angiography and lipiodol uptake (d) RPP = renal protection protocol, DL = deep learning, HCC = hepatocellular carcinoma
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