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Abstract
Objectives To evaluate the image quality of virtual-monoenergetic-imaging (VMI) from dual-layer dual-energy CT (DLCT) for
the assessment of hypovascular liver metastases and its effect on lesion detectability.
Methods Eighty-one patients with hypovascular-liver-metastases undergoing portal-venous-phase abdominal DLCT were in-
cluded. Polyenergetic-images (PEI) and VMI at 40–200 keV (VMI40–200, 10-keV interval) were reconstructed. Image noise,
tumor-to-liver contrast, and contrast-to-noise ratio (CNR) of hepatic parenchyma and metastatic nodules (n = 288) were mea-
sured to determine the optimal monoenergetic levels. Two radiologists independently and subjectively assessed the image quality
(image contrast, image noise, and diagnostic confidence) of PEI and optimal VMI on 5-point scales to determine the best energy.
For 38 patients having up to 10 metastases each with diameters < 25 mm (153 lesions), we compared blindly assessed lesion
detectability and conspicuity between PEI and VMI at the best energy.
Results Image noise of VMI40–200 was consistently lower than that of PEI (p < 0.01). Tumor-to-liver contrast and CNR increased
as the energy decreased with CNR at VMI40–70 being higher than that observed on PEI (p < 0.01). The highest subjective score
for diagnostic confidence was assigned at VMI40 followed by VMI50–70, all of which were significantly better than that of PEI
(p < 0.01, kappa = 0.75). Lesion detectability at VMI40 was significantly superior to PEI, especially for lesions with diameters of
< 10 mm (p < 0.01, kappa ≥ 0.6).
Conclusions VMI40–70 provided a better subjective and objective image quality for the evaluation of hypovascular liver metas-
tases, and the lesion detectability was improved with use of VMI40 compared with conventional PEI.
Key Points
• DLCT-VMI at 40–70 keV provides a superior subjective and objective image quality compared with conventional PEI for the
assessment of hypovascular hepatic metastases during portal venous phase.

• Tumor-to-liver contrast and CNR of hypovascular hepatic metastases was maximized at 40 keV without a relevant increase in
the image noise.

• VMI at 40 keV yields a superior lesion detectability, especially for small (< 1 cm) metastatic nodules compared with conven-
tional PEI.
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Introduction

One of the major roles of abdominal imaging in patients with
cancer is the detection of hypovascular hepatic metastases.
Contrast-enhanced computed tomography (CT) is widely ac-
cepted as the primary imaging modality for preoperative stag-
ing and post-treatment surveillance, but it is less sensitive for
detecting small hepatic metastases compared with magnetic
resonance imaging (MRI) [1, 2]. The identification of small
hypoattenuating hepatic lesions can be improved by increas-
ing the tumor-to-liver contrast [3] but becomes challenging
when the image noise increases [4, 5]. In this context, various
techniques, such as optimization of contrast medium injection
[6, 7], lowering the tube voltage [8], and iterative reconstruc-
tion algorithms [9, 10], have been developed and utilized to
improve the lesion contrast or reduce the image noise.

Virtual-monoenergetic-imaging (VMI) derived from dual-
energy CT (DECT) can also be used to enhance the depiction
of hepatic tumors. VMI mimics the image that would be ob-
tained from single-photon energy. VMI at lower
monoenergetic levels theoretically yields a better depiction
of hepatic lesions that show hyper- and hypovascularity, rela-
tive to surrounding hepatic parenchyma because iodine atten-
uation is steeply increased as the monoenergetic level ap-
proaches the iodine K-edge (33.2 keV). Previous studies on
tube-based DECT have shown that hypervascular hepatic le-
sions during arterial phase are better depicted at lower-keV
VMI [11–13]. However, few investigations have sought to
determine whether the lower keV images can improve the
depiction of hypovascular metastases during the portal-ve-
nous-phase, especially for small lesions that are more suscep-
tible to increased noise observed at lower monoenergetic
levels. Some authors who investigated the usefulness of
tube-based DECT for the assessment of hypovascular hepatic
lesions have demonstrated that substantial increase in image
noise has restricted the diagnostic usability of the VMI at the
lowest energy range, such as 40 keV, despite the highest image
contrast [14–16].

Among currently available DECT approaches, dual-layer
dual-energy CT (DLCT) has been recently introduced as a
first detector-based DECT solution. DLCT measures fully
matched dual-energy data across two layers of detectors.
This design allows for basis decomposition in the projection
domain without need for angular and temporal interpolation.
This enables noise variation reduction across all energies by
accounting for the anti-correlated noise in the reconstruction
process [17–19]. Additionally, DLCT provides opportunities
to directly compare the image quality and diagnostic perfor-
mance between VMI and true conventional polyenergetic im-
age (PEI). Recent studies on abdominal DLCT have demon-
strated that the image quality and delineation of hyper-
enhancing intraabdominal pathologies can be improved with
the use of lower-keV VMI compared with PEI owing to an

improved iodine contrast without increasing the image noise
[17, 20, 21]. However, to our knowledge, the clinical benefits
of DLCT-VMI for the evaluation of hypovascular hepatic me-
tastases have not yet been determined. Given the inherent
differences in imaging performance between different DECT
systems [18, 19], the results obtained with tube-based DECT
scanners could not be directly transposable to the novel DLCT
system; thus, it may be relevant and valuable to investigate the
diagnostic usability of DLCT-VMI for this clinically impor-
tant and frequent diagnostic task.

In this study, we aimed to evaluate the image quality and
potential added value of VMI derived from DCLT, in compar-
ison with conventional PEI, for the detection of hypovascular
hepatic metastases during the portal venous phase.

Materials and methods

This retrospective study received institutional review board
approval; the requirement for written informed consent was
waived. Figure 1 presents the study flowchart.

Patients

We identified consecutive 95 adults diagnosed with hepatic me-
tastases who underwent portal venous phase abdominal imaging
with a DLCT scanner (IQon spectral CT; Philips healthcare) be-
tween January 2017 and December 2017. We excluded 12 pa-
tients, who received a reduced contrast medium protocol owing
to renal dysfunction, and two patients with hyperattenuating me-
tastases. Accordingly, 81 patients (38 males and 43 females; age,
63.3 ± 11.7 years; body mass index [BMI], 21.7 ± 3.2 kg/m2)
with 923 hypovascular hepatic metastases (1–80 lesions per
patient) were included in this study. In this cohort, the primary
cancer sites were colorectal (n = 22), breast (n = 13), stomach
(n = 12), pancreas (n= 8), lung (n = 6), esophagus (n= 5), bile
duct or gallbladder (n = 4), kidney (n = 3), skin (n = 3), small
intestine (n= 2), ovary (n= 1), duodenum (n= 1), and pharynx
(n = 1). The confirmative diagnosis of hepatic metastases was
made by the consensus of two board-certified radiologists with
10 and 21 years of experience in abdominal CT, respectively. All
lesions were either newly developed, compared with previous
imaging studies, or increased or decreased in size after chemo-
therapy compared with previous or subsequent CT examinations
[8, 14]. In this study, hypovascular hepatic lesion was defined as
the lesion showing hypoattenuation relative to surrounding hepat-
ic parenchyma at portal-venous-phase CT images.

Imaging protocol

Scanning was performed with the following parameters: tube
voltage, 120 kVp; tube current, 78–179 mAs (automated ex-
posure control); helical pitch, 0.798; detector collimation,
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64 × 0.625; rotation time, 0.5 s. The portal venous phase im-
ages were acquired 70 s after the contrast agent (iopamidol,
Iopamiron-370; Bayer Healthcare; or iohexol, Omnipaque-
300; Daiichi-Sankyo) was delivered at an iodine dose of
600 mgI/kg over 33 s via an antecubital vein. PEI was recon-
structed using a hybrid iterative reconstruction algorithm
(iDose4 level 3, Philips Healthcare). VMI was reconstructed
at 40–200 keV (VMI40–200) with 10-keV intervals using a
spectral reconstruction algorithm (Spectral level 3, Philips
Healthcare) at a level of noise reduction similar to that of
iterative reconstruction used for PEI. All axial images were
reconstructed with 2-mm slice thickness.

Radiation dose estimation

The volume CT dose index (CTDIvol) was recorded, and the
size-specific dose estimates (SSDE in the following equation)
were calculated on the basis of each patient’s effective diameter,
as measured on the axial images at the mid-liver level [22]:

SSDE ¼ 3:70� e<0:0367�effective diameter
� �� CTDIvol

Objective analysis

Two board-certified radiologists with 10 and 21 years of ex-
perience, respectively, in abdominal CT performed the objec-
tive image analysis. The attenuation of liver parenchyma
(HUliver) and spinal erector muscle (HUmuscle) were measured
by placing circular regions of interest (ROIs). The image noise
was defined as the standard deviation (SD) of the HUmuscle.
Each ROI were placed by consensus of the two radiologists,
and measurements were performed twice to ensure consisten-
cy, with the averaged values being used for the analysis. The

contrast-to-noise ratio (CNR) of the liver was calculated as
follows:

HUliver<HUmuscleð Þ=image noise

For objective lesion analysis, the top five lesions (in terms
of maximal diameter) were included when patients had more
than five hepatic metastases. Finally, we quantitatively evalu-
ated 288 hepatic metastases (23 ± 18 mm in diameter) in 81
patients. The attenuation of the metastases and surrounding
hepatic parenchyma were measured by placing ROIs, and
the tumor-to-liver contrast was calculated as the difference
between the CT attenuation of the tumor and the hepatic pa-
renchyma. The tumor CNR was calculated by dividing the
tumor-to-liver contrast by the image noise.

Subjective analysis

Two board-certified radiologists with 8 and 13 years of expe-
rience, respectively, in abdominal CT independently evaluated
the subjective quality of PEI and VMI at optimal energies (i.e.,
VMIs showing significantly higher CNR compared with PEI
in objective analysis). The readers were blinded to any patient
information and acquisition parameters. The images were ran-
domized and presented using a soft-tissue window with the
window adjustment being encouraged for appropriate image
interpretation. Five-point scales were used and the scores were
as follows: image contrast (1 = undiagnostic; 2 = suboptimal;
3 = average; 4 = good; and 5 = excellent), image noise
(1 = undiagnostic; 2 = severe; 3 = moderate; 4 = mild; and
5 = absent), and diagnostic confidence for liver lesion
detection (1 = undiagnostic; 2 = suboptimal, low confidence;
3 = average; 4 = above average; and 5 =most confidence). To
familiarize the readers with the grading system, a training

95 Pa�ents with hepa�c metastases who had undergone portal-phase 
abdominal scans on DLCT scanner between Jan and Dec 2017

Exclusions (n=14) 
Reduced contrast medium  (n=12)
Hypervascular metastases (n=2)

38 pa�ents with 153 lesions

Subjec�ve analysis (PEI & op�mal VMIs) 
⇒⇒ Determine the best energy 

Assessment of Lesion detec�on and conspicuity
PEI vs best VMI

Exclusions (n=43)  
Tumor diameter≧25 mm 

and/or
The number of tumor >10

*Objec�ve analysis (PEI VMI40-200)
⇒ Determine the op�mal energies based on CNR 

81 pa�ents with 923 lesions

*For objec�ve lesion analysis, the largest 5 lesions per pa�ents (total of 228 lesions) were included

Fig. 1 Study design flowchart
with inclusion and exclusion
criteria

Eur Radiol (2019) 29:2837–2847 2839



session was provided before the evaluations using three cases
which were not included in this study. The two readers’ aver-
age scores were used for the statistical analysis.

Lesion detection

Among the 81 patients, 43 patients, each having more than 10
metastatic nodules and/or metastases ≥ 25 mm in maximum
diameter, were excluded from the evaluation of lesion detec-
tion performance. Therefore, 38 patients (15 men, 23 women;
mean age, 65.4 ± 11.2 years; BMI, 21.6 ± 3.3 cm/kg2) with
153 lesions (mean diameter, 11 ± 5 mm) were evaluated.
Two radiologists with 4 and 7 years of experience in abdom-
inal imaging independently evaluated the PEI and VMI at the
best energy defined as the monoenergetic level where the
mean tumor CNR and the subjective score for diagnostic con-
fidence were maximized in preceding objective and subjective
analysis. Readers understood that each patient might have
hepatic metastases, while being blinded to any other informa-
tion including image reconstruction and the number and loca-
tion of the metastases. PEI and VMI images were presented in
a random order and at least 1 month apart in the same patient
to reduce recall bias. Each portal-venous-phase image was
presented with a soft-tissue window, with the adjustment of
window settings being encouraged to appropriately delineate
the hepatic lesions. They were asked to independently identify
and mark the possible hypovascular metastases and assign a
conspicuity score to each lesion using a following ordinal
scale (1 = undetectable, 2 = unclear but detectable, 3 = moder-
ately detectable, 4 = easily detectable, and 5 =most obvious),
in which a score of 1 was retrospectively assigned for the
lesions not detected by each reader. Matching of reference
and reader markings saved as image files was performed fol-
lowing the consensus of two board-certified radiologists with
10 and 21 years of experience, respectively.

Statistical analysis

The continuous variables are expressed as means ± SDs and
normal distributions were confirmed with the Kolmogorov–
Smirnov test. Paired t test was used for comparisons of quan-
titative valuables between PEI and VMI. The correlation be-
tween BMI and image noise or tumor CNR on PEI and VMI at
the energy yielding the highest mean CNRwas evaluated with
Pearson’s correlation coefficient. The subjective scores were
compared by the Kruskal–Wallis test with Steel’s post hoc test
serving the scores assigned to PEI as controls. The lesion
detection rate and conspicuity scores between PEI and VMI
at the best energy were compared with McNemar and
Wilcoxon signed-rank test, respectively. To clarify the lesion
features benefited by the VMI reconstruction, the lesion size,
tumor-to-liver contrast, tumor CNR, and hepatic CNR be-
tween the lesions detected only in VMI and lesions detected

in both PEI and VMI were compared using Mann–Whitney
test. The kappa coefficients for assessing interobserver vari-
abilities on subjective quality and lesion detection and conspi-
cuity were defined as follows: < 0.20 = poor, 0.21–0.40 = fair,
0.41–0.60 = moderate, 0.61–0.80 = substantial, and 0.81–
1.00 = excellent. Differences of p < 0.05 were considered sta-
tistically significant. All analyses were performed with the
statistical software R (version 2.6.1; www.r-project.org/).

Results

Radiation dose

CTDIvol and SSDE were 10.5 ± 2.1 mGy and 15.4 ± 1.9 mGy,
respectively.

Objective analysis

The image noise of VMI subtly increased as the energy de-
creased but remained at a low level throughout the energy spec-
trum (from 12.2 ± 2.4 HU at VMI200 to 13.7 ± 2.7 HU at
VMI40), which was significantly lower than that observed in
PEI (15.1 ± 2.7 HU, p < 0.01) (Fig. 2a). Tumor-to-liver contrast
and CNR of the hepatic parenchyma and tumors (288 lesions in
81 patients) gradually increased as the monoenergetic level de-
creased. Compared with PEI, the tumor-to-liver contrast of
VMI was significantly higher at 40–60 keV (54.2 ± 17.5 vs.
126.6 ± 56.2–67.4 ± 25.1 HU, p < 0.001; Fig. 2b), and CNR
of hepatic parenchyma and metastases was significantly higher
at 40–70 keV (hepatic CNR: 3.3 ± 0.9 vs. 11.1 ± 3.8–4.1 ± 1.3,
p < 0.001; tumor CNR: 3.2 ± 1.3 vs. 8.2 ± 3.9–3.9 ± 1.6,
p < 0.001, Fig. 2c, d). A moderate correlation was found be-
tween BMI and image noise for PEI and VMI40 (PEI: r

2 = 0.16,
p < 0.01; VMI40: r2 = 0.2, p < 0.01) (Fig. 3a, b). No statistically
significant correlation was observed between BMI and tumor
CNR for VMI40 (r2 = 0.01, p = 0.1), whereas very weak but
significant negative correlation was observed for PEI (r2 =
0.03, p = 0.005) (Fig. 3c, d).

Subjective analysis

The image contrast of VMI40–60 was rated as superior to that
of PEI (p < 0.01), whereas no significant difference was ob-
served between VMI70 and PEI (p = 0.3). VMI40–70 was rated
as having less noise than PEI (p < 0.01). The highest score for
diagnostic confidence was assigned for VMI40 followed by
VMI50–70, all of which were better than that of PEI
(p < 0.01). There was substantial inter-reader agreement
(Table 1).
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Lesion detection

On the basis of the results of subjective and objective analysis,
the lesion detectability and conspicuity were compared between
PEI andVMI40. Among the 153metastases assessed, 77 (50.3%)
had diameters of < 10 mm (6.5 ± 1.4 mm) and 76 (49.7%) had
diameters of 10–24 mm (14.5 ± 3.8 mm). Table 2 summarizes
the results of the lesion detection assessments according to lesion
size. The overall detection performance of VMI40 was signifi-
cantly better than PEI (p< 0.01). Inter-reader agreement in the
overall detection performance for both image sets was excellent
(κ= 0.85 and 0.82 for PEI and VMI40, respectively). Subgroup
analysis revealed that VMI40 improved detection performance,
especially for metastases with small diameters (< 10 mm).
Table 3 shows lesion characteristics that would potentially bene-
fit by the use of VMI40 during lesion detection. Compared with
metastases detected in both PEI and VMI40, metastases detected
only in VMI40 were significantly smaller in diameter and had
lower tumor-to-liver contrast and tumor CNR (p < 0.001). The
tumor-to-liver contrast and tumor CNR of these lesions increased
by 138 and 154%, respectively, from PEI to VMI40.

Conspicuity scores assigned for VMI40 were significantly
higher than those for PEI, regardless of lesion size (p < 0.01)
(Table 4). Compared with PEI, 93/153 (60.8%) and 105/153
(68.6%) lesions were assigned better scores on VMI40 by
readers 1 and 2, respectively. The same score was assigned
for 55/153 (35.9%) and 46/153 (30%) lesions by readers 1 and
2, respectively. Five lesions (3.3%) were assigned inferior
scores for VMI40 by at least one reader. Inter-reader agreement
was substantial (κ = 0.61–0.63 and 0.63–0.69 for PEI and
VMI40, respectively). Representative cases are shown in
Figs. 4, 5, and 6.

Discussion

In this study, we investigated the impact of VMI derived from
DLCT on the image quality and lesion detectability for
hypovascular hepatic metastases using conventional PEI as a
reference standard. Our results demonstrated that VMI40–70
yields a significantly better objective and subjective image
quality than PEI. The best diagnostic image quality was
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Fig. 2 Box-and-whisker plots of (a) image noise, (b) tumor-to-liver con-
trast, (c) hepatic CNR, and (d) tumor CNR in PEI and VMI at different
keV levels. Each box shows the upper and lower quartiles with median
value being shown by the horizontal line within each box. Horizontal

dotted lines show the median values on PEI. For each energy level, aster-
isks indicate statistically significant differences, compared with PEI. For
the measurement of tumor-to-liver contrast and tumor CNR, the largest
five lesions per patients (total 228 lesions in 81 patients) were included
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attained at VMI40 owing to the highest iodine contrast without
increasing image noise, yielding better lesion detectability,
especially for small (< 1 cm) metastatic nodules.

So far, few studies have investigated the added value of
VMI for the assessment of hypovascular hepatic metastases
during the portal venous phase. Yamada et al and Sudarski
et al, who used the tube-based DECT-VMI, revealed that the
highest CNR of hypovascular metastases could be attained at
around 70 keV and substantially increased noise deteriorated
the diagnostic value of lower-keV images [14, 15]. Recently,
dual-source DECT addressed the problem of increased noise
by introducing an advanced noise-optimized reconstruction

algorithm, which provided increased CNR and diagnostic us-
ability with lower-keV VMI for the assessment of hepatic
lesions [13, 16, 23]. However, Caruso et al [16] and Husarik
et al [23], who evaluated the feasibility of this advanced algo-
rithm for the assessment of hypoattenuating hepatic lesions,
have provided mixed results regarding the monoenergetic lev-
el for obtaining the best lesion depiction (50 keV in the former
and 190 keV in the latter), probably mainly due to differences
in study design. Nevertheless, both authors commonly im-
plied that substantial increase in noise restricts the diagnostic
usability of VMI at the lowest energy range (i.e., 40 keV).
Given the inherent differences in the image characteristics of
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Fig. 3 Associations between BMI and image noise (a, b) and between BMI and tumor CNR (c, d) in PEI and VMI40, respectively (Pearson’s correlation
coefficients)

Table 1 Subjective analysis
PEI VMI70 VMI60 VMI50 VMI40 Kappa

Image contrast 2.8 ± 0.4 2.9 ± 0.4 *3.8 ± 0.4 *4.2 ± 0.4 *4.7 ± 0.4 0.80

Image noise 2.6 ± 0.4 *3.3 ± 0.5 *3.6 ± 0.4 *3.8 ± 0.5 *4.1 ± 0.5 0.68

Diagnostic confidence 2.7 ± 0.4 *3.2 ± 0.5 *3.6 ± 0.5 *4.1 ± 0.4 *4.3 ± 0.5 0.75

Data shown are mean ± standard deviation. The kappa values represent the inter-rater reproducibility in all image
sets

PEI polyenergetic image, VMI virtual monoenergetic image

*VMI > PEI (p < 0.01)
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VMI according to different DECT technologies and recon-
struction processes [19, 24], we sought the optimal energy
levels for DLCT-VMI and its effect on the detection perfor-
mance, especially for small metastatic nodules.

As expected, the tumor-to-liver contrast gradually increased
as the energy decreasedwith it being equivalent to PEI at 70 keV
and 134% higher at 40 keV. The difference in iodine concentra-
tions between hypovascular metastases and hepatic parenchyma
at the portal venous phase can be emphasized at lower energies
because of the proximity to the iodine K-edge [8]. Additionally,

we observed an almost constant quantitative image noise across
the entire energy spectrum, which was consistently lower than
that in PEI. As a result, VMI40 demonstrated a 156% higher
tumor CNR than PEI. This may help to improve the lesion
delineation and detection performance. The homogeneous noise
behavior may be a notable aspect of DLCT, which is especially
important for oncological assessments involving low-contrast
resolution, such as for the detection of subtle hepatic or pancre-
atic tumors. Beyond the consistent quantitative image noise, the
grainy appearance was less perceptible as the energy decreased

Table 2 Lesion detectability of PEI and VMI40 according to lesion size

All lesions (n = 153) Lesions > 10 mm (n = 76) Lesions < 10 mm (n = 77)

PEI VMI40 p value PEI VMI40 p value PEI VMI40 p value

Reader 1 123/153 (80.0%) 143/153 (93.5%) < 0.001 72/76 (94.7%) 74/76 (97.4%) 0.48 52/77 (67.5%) 69/77 (89.6%) < 0.001

Reader 2 116/153 (75.8%) 139/153 (90.1%) < 0.001 67/76 (88.2%) 73/76 (96.0%) 0.04 49/77 (63.6%) 67/77 (87.0%) < 0.001

Total 239/306 (78.1%) 282/306 (92.2%) < 0.001 139/152 (91.4%) 147/152 (96.7%) 0.01 102/146 (69.9%) 136/154 (88.3%) < 0.001

Kappa 0.85 0.82 NA 0.61 0.66 NA 0.91 0.75 NA

Data are shown in number (%)

NA not applicable, PEI polyenergetic image, VMI40 virtual monoenergetic image at 40 keV

Table 3 Comparison of
characteristics between lesions
missed in PEI but detected in
VMI and detected in both PEI and
VMI

Missed in PEI but
detected in VMI40

Detected in both
PEI and VMI40

p value

Reader 1

Number of lesions (%) 20/153 (13.1) 123/153 (80.4) NA

Maximum diameter (mm) 6.9 ± 3.5 (4–20) 11.4 ± 4.9 (4–24) < 0.01

Tumor-to-liver contrast (HU)

PEI 21.8 ± 9.8 (7–39) 43.9 ± 16.8 (17–88) < 0.01

VMI40 51.9 ± 21.5 (19–108) 93.4 ± 48.7 (29–244) < 0.01

Tumor CNR

PEI 1.3 ± 0.6 (0.3–2.4) 2.6 ± 1.1 (0.7–6.5) < 0.01

VMI40 3.3 ± 1.3 (1.6–5.5) 6.3 ± 3.4 (1.0–20.0) < 0.01

Hepatic CNR

PEI 2.8 ± 1.0 (1.7–4.6) 2.7 ± 1.0 (0.8–5.4) 0.85

VMI40 10.6 ± 3.7 (6.0–17.1) 9.5 ± 3.3 (2.2–19.3) 0.12

Reader 2

Number of lesions (%) 24/153 (15.7) 116/153 (75.8) NA

Maximum diameter (mm) 7.4 ± 3.8 (4–20) 11.5 ± 5.0 (4–24) < 0.01

Tumor-to-liver contrast (HU)

PEI 24.6 ± 11.6 (7–46) 44.8 ± 16.7 (17–88) < 0.01

VMI40 54.6 ± 24.7 (19–108) 101.5 ± 48.2 (29–244) < 0.01

Tumor CNR

PEI 1.3 ± 0.6 (0.5–2.2) 2.6 ± 1.1 (0.9–6.5) < 0.01

VMI40 3.2 ± 1.3 (1.0–5.9) 6.6 ± 3.3 (1.3–20.0) < 0.01

Hepatic CNR

PEI 2.4 ± 0.9 (1.0–4.5) 2.7 ± 1.1 (0.9–6.5) 0.36

VMI40 9.2 ± 2.9 (5.1–17.2) 9.7 ± 3.4 (2.3–19.4) 0.44

Data are shown in number (%) or mean ± standard deviation
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because wider window settings were used in lower energy VMI
for appropriate image interpretation [25].

The noise characteristic of DLCT-VMI observed in this
study are consistent with recent investigations on DLCT [17,
18, 20], but in contrast to the results of studies on tube-based
abdominal DECT [11–16, 23]. Sellerer et al, who directly
compared the imaging performance between different DECT
platforms, also found that the DLCT provides constant noise
levels over the full range of energies, whereas tube-based
DECT showed substantial increased noise for lower energy
levels [19]. The noise behavior of DLCT-VMI that is distinct-
ly different from tube-based DECT-VMI can be explained by
the detector-based DECT solution. In tube-based DECT sys-
tems, dual-energy data is postprocessed only in the image
domain (dual-source, split-beam, and dual-spin DECT), or
angular and temporal interpolation is required before post-
processing in the projection domain (rapid kVp switching
DECT). This theoretically leads to deterioration of spatial
and temporal resolution, and amplification of the so-called
anti-correlated noise, especially at low energies [18].
Contrast ingly, the detector-based DECT enables

postprocessing in projection domain without angular and tem-
poral interpolation due to perfectly registered dual-energy da-
ta. This allows the implementation of anti-correlated noise
reduction algorithm, which facilitates the exploitation and
cancelation of the anti-correlated noise in the process of
VMI reconstruction. Additionally, further noise reduction
can be achieved owing to projection-based iterative methods
for the spectral image reconstruction [17, 18, 20].

Our results implied that small (approximately 7mm) and low-
contrast (approximately 20–25 HU at PEI) lesions, which were
potentially missed on PEI, were detectable by increasing the
tumor-to-liver contrast and CNR with use of VMI40.
Conversely, relatively large (approximately 11 mm) and high-
contrast (approximately 45 HU at PEI) lesions were readily de-
tectable on PEI and thus, improved detection was not achieved
with use of VMI40. These observations are in line with the results
of experiment by Schindera et al, who demonstrated that the
detection of small (6 mm) and low-contrast (20 HU) lesions
could be substantially improved as the tumor-to-liver contrast
increased, whereas no further improvement was seen for relative-
ly large (10 and 14 mm) and high-contrast (35 HU) lesions [3].

Table 4 Conspicuity score assigned for each image set according to lesion size

All lesions (n = 153) Lesion > 10 mm (n = 76) Lesion < 10 mm (n = 77)

PEI VMI40 p value PEI VMI40 p value PEI VMI40 p value

Reader 1 2.5 ± 1.0 3.1 ± 1.1 < 0.01 3.1 ± 0.9 3.8 ± 0.9 < 0.01 1.8 ± 0.7 2.5 ± 0.8 < 0.01

Reader 2 2.2 ± 1.0 3.0 ± 1.2 < 0.01 2.8 ± 1.0 3.7 ± 1.1 < 0.01 1.7 ± 0.6 2.4 ± 0.8 < 0.01

Reader 1 + 2 2.5 ± 1.0 3.1 ± 1.2 < 0.01 3.0 ± 1.0 3.7 ± 1.0 < 0.01 1.8 ± 0.7 2.4 ± 0.8 < 0.01

Kappa 0.63 0.69 NA 0.61 0.67 NA 0.63 0.63 NA

Data are shown in number (%)

NA not applicable, PEI polyenergetic image, VMI40 virtual monoenergetic image at 40 keV

PEI VMI70

VMI40VMI50VMI60

Fig. 4 CT images of a 61-year-
old female with hepatic
metastases from lung cancer. The
conspicuity of a subtle hepatic
metastasis (arrows) gradually
improves as the energy decreases.
This lesion was missed at PEI but
correctly detected at VMI40 by
both readers. Note that the image
noise in VMI was less perceptible
as the energy decreased because a
wider window display was used
for lower energy images to
achieve appropriate image
interpretation

2844 Eur Radiol (2019) 29:2837–2847



Although VMI40 yielded higher conspicuity scores than
PEI for most lesions, lower scores were assigned for a few
lesions. This observation may be potentially explained by the
fact that hypoattenuating nodules containing similar (or more)
amounts of iodine relative to hepatic parenchyma theoretically
showed no contrast improvement and even become less con-
spicuous at lower keV, especially when a wider window

display was used. A similar phenomenon was reported by
Husarik et al, who showed that the iodine-containing
hypoattenuating lesions, which were inserted in liver phan-
toms not containing iodine, become less conspicuous at lower
keV [23]. Given that each metastatic nodule can contain var-
ious amounts of iodine relative to the hepatic parenchyma,
simultaneous review of VMI40 and conventional PEI (or

PEI VMI70

VMI40VMI50VMI60

Fig. 5 The CT images from a 65-year-old male with hepatic metastases
from esophageal cancer. The small and low-contrast hepatic metastasis
(maximum diameter 5 mm, tumor-to-liver contrast at PEI 18 HU, small
arrows) were scantly visible at PEI, but became gradually conspicuous on
VMI as the energy level decreased. This lesion was correctly identified

only at VMI40 by both readers. Although a relatively large and high-
contrast lesion (maximum diameter 11 mm, tumor-to-liver contrast at
PEI 32 HU; large arrows) also became gradually more conspicuous as
the energy decreased, this lesionmay be confidently detectable, even with
PEI

PEI VMI70

VMI40VMI50VMI60

Fig. 6 CT images of a 70-year-old female with a hepatic metastasis
(maximum diameter 11 mm, arrows) from breast cancer. Window width
and level (W/L) were adjusted for each image (W/L were 350/50, 350/50,
370/60, 450/75, 570/90 HU at PEI, VMI70, VMI60, VMI50, and VMI40,
respectively). Compared with PEI, the lesion conspicuity was somewhat
degraded at VMI40 (conspicuity scores assigned for PEI and VMI40 were
3 and 2, respectively, for both readers) despite the higher hepatic

attenuation and the lower perceptible noise. Tumor-to-liver contrast were
35, 34, 32, 29, and 24 HU at PEI, VMI70, VMI60, VMI50, and VMI40,
respectively. The reasons for the inferior tumor-to-liver contrast at low
keV images are unclear, but a possible explanation is that this tumor
contained subtly more iodine, relative to the surrounding hepatic paren-
chyma. In addition, wider window display used for lower keV images
may negatively affect the visual conspicuity
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VMI at higher energy such as VMI70) may be recommended
for accurately detecting any type of lesion without omission.

This study has several limitations. First, the sample size was
relatively small, and larger scale studies should be conducted to
generalize our results. Second, our patients had smaller body
sizes than the Westerners. Previous studies showed that image
noise is substantially increased andCNR is decreased at low keV,
especially when scanning large objects [11, 23, 26]. Compared
with PEI, we observed no substantial increase in noise or de-
crease in CNR at VMI40 in patients with relatively large BMIs.
Nevertheless, whether our results can apply to wider populations
should be determined by future studies. Third, we could not
compare the diagnostic accuracy owing to the lack of histologic
proof or imaging reference standards, as was the case with some
previous studies [8–10, 27]; instead, we focused on assessing the
subjective and objective image quality and lesion detection per-
formance. The portal-venous-phase CT images have generally
limited value for differentiating small hypoenhancing hepatic
lesions [28]; therefore, clarifying whether the DLCT-derived io-
dine overlay map or spectral curve analysis can improve the
diagnostic accuracy for differentiating these lesions could be an
important research subject in the future [29, 30]. Finally, because
we evaluated patients with histories of hepatic metastases known
by the readers, the detection performance may have been
overestimated and cannot be immediately extrapolated to the
general oncology population.

In conclusion, VMI40–70 yields a better image quality for
the assessment of hypovascular hepatic metastases than con-
ventional PEI. The best objective and subjective image quality
was attained at VMI40, wherein we noted superior detectabil-
ity and conspicuity for most lesions, especially for the meta-
static nodules with a diameter of < 1 cm. Given that a few
metastatic nodules can become less conspicuous at lower
keV, the combined review of VMI40 and conventional PEI
(or VMI at higher energy such as VMI70) may be recommend-
ed for accurately detecting any type of lesions.
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