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Abstract

Purpose To evaluate the efficacy of volumetric CT attenuation-based parameters obtained through automated 3D organ
segmentation on virtual non-contrast (VNC) images from dual-energy CT (DECT) for assessing hepatic steatosis.
Materials and methods This retrospective study included living liver donor candidates having liver DECT and MRI-deter-
mined proton density fat fraction (PDFF) assessments. Employing a 3D deep learning algorithm, the liver and spleen were
automatically segmented from VNC images (derived from contrast-enhanced DECT scans) and true non-contrast (TNC)
images, respectively. Mean volumetric CT attenuation values of each segmented liver (L) and spleen (S) were measured,
allowing for liver attenuation index (LAI) calculation, defined as L minus S. Agreements of VNC and TNC parameters for
hepatic steatosis, i.e., L and LAI, were assessed using intraclass correlation coefficients (ICC). Correlations between VNC
parameters and MRI-PDFF values were assessed using the Pearson’s correlation coefficient. Their performance to identify
MRI-PDFF > 5% and > 10% was evaluated using receiver operating characteristic (ROC) curve analysis.

Results Of 252 participants, 56 (22.2%) and 16 (6.3%) had hepatic steatosis with MRI-PDFF > 5% and > 10%, respectively.
Lync and LAILy e showed excellent agreement with Lpye and LAlye ICC=0.957 and 0.968) and significant correlations
with MRI-PDFF values (r=- 0.585 and — 0.588, Ps <0.001). Lyyc and LAl exhibited areas under the ROC curve of
0.795 and 0.806 for MRI-PDFF > 5%; and 0.916 and 0.932, for MRI-PDFF > 10%, respectively.

Conclusion Volumetric CT attenuation-based parameters from VNC images generated by DECT, via automated 3D segmen-
tation of the liver and spleen, have potential for opportunistic hepatic steatosis screening, as an alternative to TNC images.

Keywords Hepatic steatosis - Deep learning - Segmentation - Volumetry - Dual-energy computed tomography

Introduction

Hepatic steatosis, characterized by excessive fat accumula-
tion in hepatocytes, is a key histological feature of steatotic
liver diseases, including metabolic dysfunction-associated
steatotic liver disease and alcohol-associated liver disease [1,
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2]. Simple steatosis can progress to steatohepatitis and cir-
rhosis and is associated with the development of cardiovas-
cular diseases or diabetes [3]. Moreover, early intervention
in hepatic steatosis can halt or reverse disease progression,
underscoring the significance of early detection and accu-
rate assessment [4]. Although liver biopsy has traditionally
been regarded as the gold standard for diagnosing hepatic
steatosis, its invasive nature and notable inter-reader vari-
ability have prompted a substantial clinical demand for non-
invasive methods [5]. Recently, chemical shift-encoded MRI
proton density fat fraction (MRI-PDFF) has gained broad
acceptance as a non-invasive reference standard for liver fat
quantification, providing accurate and reliable measurements
[6, 7]. However, it has drawbacks, including limited acces-
sibility and high costs. Although CT has not been consid-
ered a primary diagnostic tool for hepatic steatosis due to
its limited sensitivity for mild cases and radiation exposure
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concerns, its widespread use in various clinical conditions
and acceptable performance for moderate or severe steatosis
suggest its viability for opportunistic screening [8].

Recent advancements in automated 3D organ segmen-
tation in medical imaging have expanded the feasibility
of utilizing volumetric data, encompassing organ volume
measurements and automated quantification of radiomic fea-
tures representing the entire organ [9, 10]. When assessing
hepatic steatosis using CT, traditional methods involve time-
consuming and labor-intensive manual 2D region of interest
(ROI)-based measurements of CT attenuation values. How-
ever, with the implementation of deep learning-based 3D
segmentation, volumetric CT attenuation can be acquired
automatically, and studies have been actively exploring the
application of this approach for CT-based steatosis screening
in large populations [11, 12].

Dual-energy CT (DECT) is becoming increasingly promi-
nent in clinical practice due to its advantages such as mate-
rial decomposition and the generation of energy-selective
images [13]. A notable application involves providing virtual
non-contrast (VNC) images through material decomposi-
tion [14]. Specifically, by subtracting iodine content from
contrast-enhanced CT images, VNC images can be obtained,
offering non-contrast information without additional radia-
tion exposure for true non-contrast (TNC) image acquisition.
While previous evaluations of VNC have mainly focused on
qualitative aspects, such as stone or calcification detection,
as a potential substitute for TNC imaging [15], recent stud-
ies have highlighted its role in quantification. These studies
demonstrated excellent agreement between VNC and TNC
measurements in the CT attenuation values of abdominal
organs [16, 17]. Although current CT-based hepatic stea-
tosis assessments typically rely on TNC images, the poten-
tial use of VNC images could provide benefits by allowing
evaluation even in individuals undergoing contrast-enhanced
DECT without TNC. Evaluations in this context have been
conducted using 2D ROI methods [17]; however, to our
knowledge, no known investigation into the volumetric
analysis of VNC images exists.

Therefore, this study aims to evaluate the efficacy of volu-
metric CT attenuation-based parameters obtained through
automated 3D organ segmentation on VNC images from
DECT for assessing hepatic steatosis, comparing them to
TNC parameters and using MRI-PDFF as the reference
standard.

Materials and methods

This retrospective study received approval from our insti-
tution's institutional review board, and the requirement for
informed consent was waived due to the study’s retrospec-
tive nature.
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Study population

Living liver donor candidates aged > 18 years, who under-
went preoperative work-up in our institution between
December 2018 and December 2021, were identified
through a computerized search of the picture archiv-
ing and communication system and electronic medical
records. Liver donor candidates had undergone liver CT
scans using a dual-source DECT scanner and liver MRI
with MRI-PDFF assessment as part of their routine pre-
operative evaluation. We excluded the following: patients
with > 30-day interval between DECT and MRI-PDFF, a
history of previous liver or spleen surgery, and definite
focal lesions of 1 cm or larger in the liver or spleen on
CT (Fig. 1).

Acquisition of DECT and generation of VNC images

During the study period, preoperative liver CT scans for
living liver donor candidates were routinely performed
using a dual-source DECT scanner (SOMATOM Force;
Siemens Healthineers, Erlangen, Germany). These scans
included TNC, arterial, portal venous, and delayed-phase
imaging. Post-contrast phases were acquired in the DECT
mode at 80 and 150 kVp, while TNC images were obtained
in the single-energy CT mode at 120 kVp. Contrast was
administered using iobitridol (Xenetix 350; Guerbet)
at 520 mg/kg body weight, followed by a saline flush.
Detailed CT protocols are described in Supplementary 1.

VNC images were generated from portal venous phase
DECT data, acquired 70 s post-contrast administration,
using a dedicated post-processing system (Syngo.via; Sie-
mens Healthineers) at the CT console, reconstructed with
2 mm slice thickness and a 1 mm reconstruction interval.

Living liver donor candidates having DECT and MRI-PDFF assessments
between Dec 2018 and Dec 2021 (n=382)

Excluded (n=130):

« >30-day interval between DECT and MRI-PDFF (n=124)

* Previous liver or spleen surgery (n=1)

* With definite focal lesions of >1 cm in the liver or spleen on CT (n=5)

Final study population (n=252)

Fig. 1 Flowchart of the study population. DECT =dual-energy CT;
MRI-PDFF = magnetic resonance imaging-proton density fat fraction
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CT attenuation measurements
Automated volumetric measurements

For VNC and TNC imaging, the liver and spleen were
segmented automatically using a commercially avail-
able deep-learning-based multi-organ segmentation
software (DeepCatch v1.2.0.0, MEDICALIP Co. Ltd.,
Seoul, Korea) (Fig. 2). Its segmentation performance was
reported to be dice scores > 0.95 for both the liver and
spleen in each of VNC and TNC imaging. After generating
a 3D organ mask, the software automatically calculated the
mean volumetric CT attenuation of the segmented organs.
Mean CT attenuation values (Hounsfield units, HU) of the
liver and spleen on VNC imaging were denoted as Lyyc

Fig.2 An illustration of volu-
metric CT attenuation measure-
ment of the liver and spleen in
a 27-year-old man with hepatic
steatosis. Fully-automated organ
segmentation was performed
for the liver and spleen on
virtual non-contrast (VNC) CT
scan (a: 3D volume rendering
image, b: axial image) and true
non-contrast (TNC) CT scan (c:
3D volume rendering image,
d: axial image), respectively.
Volumetric measurements of
CT attenuation values were

as follows: Lyyc=48.3 HU,
Sync=47.0 HU in VNC
imaging; Liyc=44.4 HU,
Stne=49.2 HU in TNC imag-
ing. Accordingly, LAl nc was
1.3 HU and LAl was -4.8
HU. Hepatic steatosis was
confirmed with an MRI-PDFF
value of 14.8% (e: MRI-PDFF
map). MRI-PDFF = magnetic
resonance imaging-proton den-
sity fat fraction; L = volumetric
mean CT attenuation values of
the liver; S = volumetric mean
CT attenuation values of the
spleen; LAl =liver attenuation
index, defined as L minus S

and Sy, respectively, and those on TNC imaging were
denoted as Ly and Spyc, respectively.

Manual 2D ROI-based measurements

For comparison with the volumetric measurements, CT
attenuation of the liver and spleen was measured manually
using the 2D ROI-based methods on the VNC images. Three
circular ROIs were placed in the liver (one in the right ante-
rior section, one in the right posterior section, and one in the
left lobe), carefully avoiding vessels and liver edges [18].
Additionally, one ROI was placed in the spleen [19, 20].
The ROIs had a size ranging from 250 to 300 mm?, and the
size of the four ROIs within each subject was the same. To
determine the mean liver attenuation, the values from the
three liver ROIs were averaged. To assess the reproducibility
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of 2D ROI-based methods, measurements were conducted
in two separate sessions. The first measurement was used as
the representative value for ROI-based measurements, and
the results from the second session were utilized solely for
assessing reproducibility.

CT attenuation-based parameters for assessing hepatic
steatosis

We employed the mean liver HU (Lyyc and Lyye) and
the liver attenuation index (LAI) as CT attenuation-based
parameters for assessing hepatic steatosis, relying on previ-
ous studies that evaluated the utility of CT for this purpose
[11, 21-23]. Regarding the LAI, it was calculated as the
mean liver HU minus the spleen HU (denoted as LAl and
LAl pyc for VNC and TNC images, respectively). The LAI
has been reported to be robust across various scan settings
using the spleen as an internal reference [21, 22].

MRI-PDFF acquisition and measurements

Chemical-shift-encoded MRI-PDFF examinations were
conducted using a 3-T MRI scanner (MAGNETOM Skyra;
Siemens Healthineers, Erlangen, Germany), with complex-
based chemical shift-encoded water-fat reconstruction tech-
niques, acquiring six 2D gradient-echo images. The acquisi-
tion parameters included a repetition time (TR) of 9.3 ms, an
echo time (TE) of 1.3 ms, an imaging matrix of 256 192,
a low flip angle (4°), and a 3 mm slice thickness. After
that, the PDFF maps were automatically generated using
the vendor specific algorithm, incorporating T2* correction
calculated from single decay and a multi-peak fat model.
MRI-PDFF values, widely accepted as a non-invasive refer-
ence standard for liver fat content [6], were determined using
the ROI method on the PDFF map as follows: three ROIs
with a size of 250-300 mm? were strategically placed in the
right anterior section, right posterior section, and left liver
[18], while avoiding large vessels, bile ducts, liver edges,
and artifacts [1, 24]. The mean value of the three ROIs was
then calculated and utilized as the representative PDFF value
for each participant.

Statistical analysis

Regarding the CT attenuation values of the liver and spleen,
agreements were assessed between volumetric and manual
2D ROI-based VNC measurements as well as between
volumetric VNC and TNC measurements using both the
intraclass correlation coefficient (ICC) and Bland-Altman
analysis. Additionally, the reproducibility of manual 2D
ROI-based VNC measurements across two separate sessions
was assessed using ICC. The ICC values were interpreted
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as follows: >0.90 indicating excellent; >0.75 —<0.90,
good; >0.50 —<0.75, moderate; and < 0.50, poor [25].

Volumetric VNC parameters for hepatic steatosis (Lyyc
and LAIy o) were correlated with the corresponding TNC
parameters (Lpye and LAlyc) and MRI-PDFF values using
Pearson’s correlation coefficient (r). Correlation strength was
interpreted as follows:|r|> 0.7, strong; > 0.4 —< 0.7, moder-
ate; >0.2 —<0.4, weak; and >0 —<0.2, minimal [26]. The
diagnostic performances of volumetric VNC parameters for
hepatic steatosis (Lyyc and LAl ) were evaluated to iden-
tify MRI-PDFF > 5% (indicating mild steatosis) and > 10%
(indicating moderate-to-severe steatosis) through receiver
operating characteristic (ROC) analysis. Cutoff values
for VNC parameters corresponding to MRI-PDFF > 5%
and > 10% were determined to maximize the Youden index,
achieving > 80% sensitivity, and > 80% specificity, respec-
tively. The corresponding sensitivity and specificity val-
ues were then computed. The areas under the ROC curve
(AUCs) were compared between the VNC parameters (Lyyc
vs. LAlyyc) and between the VNC and TNC parameters
(Lync vs- Lyne and LAlyye vs. LAlpye) using the DeLong
test.

All statistical analyses were performed using MedCalc
version 19.4.0 (MedCalc Software, Ostend, Belgium), with
a significance threshold set at P <0.05.

Results
Study population

A total of 252 living liver donor candidates, comprising
139 men and 113 women, with a mean age of 37.3 years
(range, 18—64 years), were included in the analysis. Their
mean (+ standard deviation) MRI-PDFF value was 4.0%
(+3.1) with a range of 0.5—23.8%. Within this population,
56 patients (22.2%) had hepatic steatosis (MRI-PDFF > 5%),
including 16 with moderate-to-severe hepatic steatosis
(MRI-PDFF > 10%).

CT attenuation values of the liver and spleen

Volumetric versus 2D ROI-based measurements on VNC
imaging

For Lyyc. the volumetric measurements demonstrated excel-
lent agreement with 2D ROI-based measurements, showing
an ICC of 0.979. Regarding Sy, the volumetric measure-
ments showed good agreement with 2D ROI-based meas-
urements, displaying an ICC of 0.862 (Table 1). Mean bias
(95% limits of agreement) in volumetric measurements com-
pared to ROI-based measurements was — 5.1 HU (— 8.7 HU
to — 1.5 HU) for Lyyc and — 5.6 HU (- 10.5 HU to — 0.6
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Table 1 Intraclass correlation
coefficients between CT
attenuation measurement

CT attenuation measurement methods

Intraclass correlation coefficient (95% CI)

Liver Spleen

methods

Volumetric versus 2D ROI-based measurements

on VNC imaging

VNC versus TNC imaging for volumetric meas-

urements

0.979 (0.973—0.984) 0.862 (0.824—0.893)

0.957 (0.945—-0.966) 0.809 (0.755—0.851)

ROIregion of interest, VNC virtual non-contrast, TNC true non-contrast, CI confidence interval

HU) for Sy, respectively (Supplementary Fig. 1). The
reproducibility of 2D ROI-based measurements was excel-
lent for Ly (ICC=0.982 [95% CI 0.977-0.986]) and good
for Syne ICC=0.895 [95% CI 0.865-0.918]).

Volumetric measurements on VNC imaging versus TNC
imaging

Volumetric Lyyc showed excellent agreement with Ly,
having an ICC of 0.957, whereas volumetric Syyc showed
good agreement with Spyc, presenting an ICC of 0.809
(Table 1). Mean bias (95% limits of agreement) was 1.0 HU
(— 3.8-5.7 HU) for Lyyc and Ly, and — 4.2 HU (- 9.3-0.8
HU) for Syyc and Sty respectively (Supplementary Fig. 2).

Volumetric VNC parameters for hepatic steatosis
Correlation with TNC parameter for hepatic steatosis

VNC parameters for hepatic steatosis, i.e., Lyyc and
LAIyyc, showed strong positive correlations with corre-
sponding TNC parameters (Lpyc and LAlpyo) (r=0.917
[95% CI 0.895—0.935] and 0.938 [95% CI 0.923—0.952],
respectively; Ps <0.001) (Fig. 3). Lyyc and LAIy showed
excellent agreements with Lpyc and LAlye (ICCs, 0.957
[95% CI 0.945—0.966] and 0.968 [95% CI 0.959—0.975],
respectively).

Correlation with MRI-PDFF values

Both Ly ¢ and LAl showed significant negative correla-
tions with MRI-PDFF values (r=— 0.585 [95% CI — 0.661
— — 0.498] and — 0.588 [95% CI — 0.663 — — 0.500],
respectively; Ps <0.001) (Fig. 4).

Diagnostic performance using MRI-PDFF
as the reference standard

Table 2 summarizes the diagnostic performances of volu-
metric VNC parameters for hepatic steatosis, along with
the cutoff values of each parameter for identifying MRI-
PDFF > 5% and > 10%, respectively. Lyyc and LAlyyc
demonstrated AUCs of 0.795 and 0.806, respectively, for
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Fig.3 Scatter plots displaying the regression line (solid) and 95%
confidence interval (dotted) of virtual non-contrast (VNC) parameters
for hepatic steatosis (a: Lyyc and b: LAlyyc) with true non-contrast
(TNC) parameters (a: Lyyc and b: LAlryc). ‘1° denotes Pearson’s cor-
relation coefficient. L=volumetric mean CT attenuation values of
the liver; S=volumetric mean CT attenuation values of the spleen;
LAI=liver attenuation index, defined as L minus S

MRI-PDFF > 5% (Fig. 5). For MRI-PDFF > 10%, these
parameters exhibited comparatively higher AUCs of 0.916
and 0.932, respectively (Fig. 5), when compared to the
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Fig.4 Scatter plots displaying the regression line (solid) and 95%
confidence interval (dotted) of virtual non-contrast (VNC) parameters
for hepatic steatosis (a: Lyyc and b: LAlyyc) with MRI-PDFF val-
ues. ‘r’ denotes Pearson’s correlation coefficient. L = volumetric mean
CT attenuation values of the liver; S=volumetric mean CT attenu-
ation values of the spleen; LAI=liver attenuation index, defined as
L minus S; MRI-PDFF =magnetic resonance imaging-proton density
fat fraction

identification of MRI-PDFF > 5%. Lyyc and LAl did
not show significant differences in AUCs for both MRI-
PDFF >5% and > 10% (P =0.626 and 0.328, respec-
tively). The cutoff values of Lyyc and LAlyyc, aiming
to achieve 80% sensitivity were 59.9 HU and 12.5 HU
for MRI-PDFF > 5%; and 55.9 HU and 6.9 HU for MRI-
PDFF > 10%, respectively (Table 2).

When comparing the diagnostic performances of VNC
and TNC parameters, Lyyc and LAlyyc exhibited lower
AUCs than those of Ly and LAl for MRI-PDFF > 5%
(AUCGs, 0.795 vs. 0.825 and 0.806 vs. 0.866, respectively;
Ps<0.001). For MRI-PDFF > 10%, Lyyc showed a lower
AUC than Lpye (0.916 vs. 0.948, P=0.020), while the
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Discussion

This study focusing on VNC imaging generated from DECT
scans, suggests that VNC parameters, derived from volumet-
ric CT attenuation values of the liver and spleen obtained
from automated organ segmentation, hold significant prom-
ise as a valuable method for hepatic steatosis assessment.
Specifically, our study showed a significant correlation
between VNC parameters such as Lyyc and LAl and
hepatic fat content, as quantified using the gold standard
MRI-PDFF. Additionally, these parameters demonstrated
good diagnostic performance in assessing hepatic steatosis,
with AUCs of approximately 0.8 for detecting mild steato-
sis (MRI-PDFF > 5%), and over 0.9 for moderate steatosis
(MRI-PDFF > 10%). The implications of this study’s find-
ings are substantial, particularly in expanding the scope of
opportunistic CT screening for hepatic steatosis, given the
increasing use of DECT in clinical practice. Furthermore,
our study revealed robust agreement between volumetric
CT attenuation values measured on VNC imaging of the
liver and spleen and their respective manual ROI-based
VNC measurements and volumetric TNC measurements,
all achieving ICCs > 0.8. These findings underscore the
reliability of automated volume-based VNC measurements,
suggesting that a volume-based measurement approach has
the potential to replace 2D-based measurement. In addition,
in patients undergoing DECT, the study’s results indicate
that hepatic steatosis assessment can utilize VNC imaging
as a substitute for TNC, eliminating the need for additional
TNC imaging acquisition.

Population-level screening for hepatic steatosis using CT
has become a topic of considerable interest. Evaluations
were predominantly conducted in non-contrast imaging
settings to avoid confounding effects from contrast agents,
utilizing indices based on liver attenuation values or cor-
rected values, with the spleen as a reference. Previous stud-
ies employing automated volume-based measurements have
highlighted the efficacy of CT attenuation-based parameters
for hepatic steatosis in TNC, including Lyyc and LAl in
large-scale cohorts [11, 27]. In the context of VNC applica-
tion, reports suggest that manual 2D ROI-based parameters
for hepatic steatosis, such as Lyyc and LAy, exhibit a
strong correlation with TNC parameters and show good
diagnostic performance in identifying substantial hepatic
steatosis [17, 28]. These findings align with our 3D-based
VNC results, revealing strong correlations with TNC meas-
urements and demonstrating satisfactory diagnostic perfor-
mance for hepatic steatosis. However, in our study, while
Lync showed good performance, it demonstrated relatively
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Table 2 Performance of virtual non-contrast CT parameters for assessing hepatic steatosis

Hepatic steatosis grades VNC parameter AUC (95% CI)

Mild steatosis (MRI-PDFF>5%) Lyyc 0.795 (0.740—0.843)

LAlyne 0.806 (0.751—0.853)

Moderate-to-severe steatosis Lyne 0.916 (0.874—0.947)
(MRI-PDFF > 10%)

LAIyne 0.932 (0.893—0.960)

Cutoff (HU) Sensitivity (%) Specificity (%)
Maximal Youden index <57.5 69.6 (39/56) 83.2 (163/196)
> 80% sensitivity <59.9 80.4 (45/56) 63.8 (125/196)
> 80% specificity <57.5 69.6 (39/56) 83.2 (163/196)
Maximal Youden index <99  62.5 (35/56) 88.3 (173/196)
> 80% sensitivity <12.5 80.4 (45/56) 66.3 (130/196)
> 80% specificity <10.7 67.9 (38/56) 80.6 (158/196)
Maximal Youden index <57.4 93.8 (15/16) 76.7 (181/236)
> 80% sensitivity <559 81.3(13/16) 84.8 (200/236)
> 80% specificity <56.6 87.5(14/16) 80.5 (190/236)
Maximal Youden index <6.9  81.3 (13/16) 92.4 (218/236)
> 80% sensitivity <69 81.3(13/16) 92.4 (218/236)
> 80% specificity <8.9 87.5(14/16) 86.0 (203/236)

VNC'virtual non-contrast, AUCarea under the receiver operating characteristic curve, 95% CI95% confidence interval, MRI-PDFF magnetic
resonance imaging-proton density fat fraction, L =volumetric mean CT attenuation values of the liver, S=L = volumetric mean CT attenuation
values of the spleen, LAIliver attenuation index, defined as L minus S. Unless otherwise specified, numbers in parentheses are used to calculate

the percentages

lower AUC values compared to TNC for both MRI-
PDFF > 5% and > 10%. This may be attributed to inconsist-
ent and suboptimal iodine extraction during VNC generation
from contrast-enhanced DECT imaging, affecting the CT
attenuation values of the liver on VNC, thereby potentially
interfering with the prediction of hepatic steatosis based on
CT attenuation values. For LAI, although its performance
for hepatic steatosis assessment was also slightly lower in
VNC compared to TNC, statistically significant differences
were not observed for MRI-PDFF > 10%. When comparing
LAIync to Lyne, LAy tended to perform slightly better in
hepatic steatosis assessment. This trend is likely due to the
corrective effect of using the spleen as a reference, which
was also reported in prior 2D-based VNC studies [17, 29,
30] as well as TNC studies [22, 31].

Our study demonstrated that the AUCs of VNC param-
eters in identifying MRI-PDFF > 10% were superior com-
pared to those of MRI-PDFF >5%. This result can be
explained by the limited sensitivity of CT in detecting mild
steatosis [32, 33]. The study’s findings suggest cutoff val-
ues for Lyyc and LAl under specific conditions, aim-
ing to provide a maximal Youden index, > 80% sensitivity,
and > 80% specificity, which could aid in interpreting the
measured values. However, it is important to note that the
performance of these cutoff values has not been externally
validated. According to a recent study introducing a CT-MRI
conversion equation applicable to TNC imaging performed
at 120 kVp, the CT attenuation values of the liver equivalent
to MRI-PDFF of 5% and 10% are 57.2 HU and 48.6 HU,
respectively [23]. However, considering that CT attenua-
tion values may be affected by the CT scanner type and kVp
setting [34], and taking into account the small but existing
systematic differences in measurements between VNC and

TNC, as shown in our study, further research is necessary
to determine appropriate cutoff values for VNC application.

In our study, volumetric VNC measurements demon-
strated strong agreement with manual ROI-based measure-
ments, exhibiting high ICC values consistent with the find-
ings of a previous TNC study of the liver [11]. However, our
study also showed that the volumetric measurements were
slightly lower compared to the manual ROI-based measure-
ments, with mean biases of — 5.1 HU and — 5.5 HU for liver
and spleen, respectively. This difference may be related to
the partial inclusion of intrahepatic vasculature when using
the automated volumetric approach, resulting in a trend of
decreasing HU values, particularly when the liver parenchy-
mal HU exceeds the blood pool HU [11]. Unlike the ROI
placement method, which selects relatively homogeneous
areas of the liver, the volumetric approach involves whole-
liver segmentation, encompassing the subcapsular peripheral
hepatic parenchyma and areas near the falciform ligament
and hilum, which frequently contain greater fat deposits
[35]. Given the observed differences in the measurement
values, the direct adoption of 2D-based cutoffs for volume-
based methods may not be deemed optimal. Consequently,
the establishment of cutoff values tailored to 3D methods
and their subsequent applications could be considered a
more appropriate approach.

This study has several limitations. First, our study popula-
tion consisted of a relatively small number of potential liver
donor candidates who were generally healthy and young and
none had severe hepatic steatosis. The selection of this popu-
lation was driven by the availability of both CT and MRI-
PDFF values at our institution, which allowed for the evalu-
ation of CT parameters against a gold standard. However,
inherent selection bias in our patient population resulting
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Fig.5 Graphs showing area under the receiver operating characteris-
tic curve of virtual non-contrast (VNC) parameters for hepatic steato-
sis (Lync and LAlyye) to identify mild steatosis (MRI-PDFF >5%)
(a) and moderate-to-severe steatosis (MRI-PDFF > 10%) (b). L =vol-
umetric mean CT attenuation values of the liver; S = volumetric mean
CT attenuation values of the spleen; LAl=liver attenuation index,
defined as L minus S; MRI-PDFF = magnetic resonance imaging-pro-
ton density fat fraction

from this choice may have limited the generalizability of
our study results. Further prospective studies involving
large populations with varying degrees of hepatic steatosis,
as well as broader spectrum of underlying liver diseases,
are required to validate and enhance the generalizability of
our findings. Second, VNC images in our study were gener-
ated using DECT-PVP imaging. A previous study indicated
that the attenuation values of abdominal organs might vary
depending on the derived imaging phase [36]. Thus, our
results, especially the cut-off values, may not be directly
applicable to VNC images derived from arterial or delayed
phases. However, addressing these limitations is anticipated
to be possible with future advancements in the technical

@ Springer

feasibility of achieving accurate iodine extraction during the
VNC generation process.

In conclusion, volumetric CT attenuation-based parame-
ters from VNC images generated by DECT acquired through
automated 3D segmentation of the liver and spleen have the
potential for opportunistic screening of hepatic steatosis, as
an alternative to TNC images. While promising, it's impor-
tant to acknowledge the limitations outlined in our study,
such as the relatively small and selective study population
and the potential variation in attenuation values depending
on the derived imaging phase for VNC generation. Address-
ing these limitations and further advancements in the tech-
nical feasibility of VNC generation may pave the way for
enhanced applicability of this method in clinical practice.
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