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Abstract

Purpose To investigate a benefit from virtual monoen-
ergetic reconstructions (VMIs) for assessment of arteri-
ally hyper-enhancing liver lesions in phantom and
patients and to compare hybrid-iterative and spectral
image reconstructions of conventional images (CI-IR
and CI-SR).
Methods All imaging was performed on a SDCT (Philips
Healthcare, Best, The Netherlands). Images of a non-
anthropomorphic phantom with a lesion-mimicking
insert (containing iodine in water solution) and arterial-
phase images from contrast-enhanced patient examina-
tions were evaluated. VMIs (40–200 keV, 10 keV incre-
ment), CI-IR, and CI-SR were reconstructed using
different strengths of image denoising. ROIs were placed
in lesions, liver/matrix, muscle; signal-to-noise, contrast-
to-noise, and lesion-to-liver ratios (SNR, CNR, and
LLR) were calculated. Qualitatively, 40, 70, and 110 keV
and CI images were assessed by two radiologists on five-
point Likert scales regarding overall image quality, lesion
assessment, and noise.
Results In phantoms, SNR was increased threefold by
VMI40keV compared with CI-IR/SR (5.8 ± 1.1 vs.
18.8 ± 2.2, p £ 0.001), while no difference was found
between CI-IR and CI-SR (p = 1). Denoising was

capable of noise reduction by 40%. In total, 20 patients
exhibiting 51 liver lesions were assessed. Attenuation was
the highest in VMI40keV, while image noise was compa-
rable to CI-IR resulting in a threefold increase of CNR/
LLR (CI-IR 1.3 ± 0.8/4.4 ± 2.0, VMI40keV: 3.8 ± 2.7/
14.2 ± 7.5, p £ 0.001). Subjective lesion delineation was
the best in VMI40keV image (p £ 0.01), which also
provided the lowest perceptible noise and the best overall
image quality.
Conclusions VMIs improve assessment of arterially
hyper-enhancing liver lesions since they increase lesion
contrast while maintaining low image noise throughout
the entire keV spectrum. These data suggest that to
consider VMI screening after arterially hyper-enhancing
liver lesions.
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Abbreviations

VMI Virtual monoenergetic image

DECT Dual-energy computed tomography

DSCT Dual-source computed tomography

SDCT Spectral detector computed tomography

CI-IR Conventional images reconstructed with an

hybrid-iterative reconstruction algorithm

CI-SR Conventional images reconstructed with the

spectral reconstruction algorithm

LLR Lesion-to-liver ratio
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Computed tomography (CT) is one of the key tools for
detection and characterization of focal liver lesions.
Primary hepatic lesions, such as hemangiomas or hepa-
tocellular carcinoma, and secondary hepatic lesions like
metastases from melanoma, renal cell carcinoma, neu-
roendocrine tumors, thyroid cancer, breast cancer, and
sarcoma are hyper-attenuating in CT images [1, 2]. In
contrast-enhanced CT, hyper-attenuation is typically
caused by an increased uptake of Iodinated contrast
agent in the selected contrast phase, resulting from hy-
per-vascularization of the lesion compared with liver
parenchyma [3–5].

In CT, attenuation of X-rays is caused by the pho-
toelectric effect (which is predominant for photon en-
ergies below 100 keV) and the Compton effect (which
gains importance for photon energies above 100 keV) [6,
7]. For several years, dual-energy CT (DECT) scanners
that assess these effects separately have been available
[8]. DECT allows reconstruction of virtual monoener-
getic images (VMIs) which approximate the result of an
acquisition with a true monoenergetic X-ray beam; these
are typically available in a range from 40 to 200 keV [9,
10]. Since the photoelectric effect is greatly influenced by
the atomic number (~ Z4), VMI of lower energies
(VMIlow) improve soft tissue contrast and improve
visualization of Iodine-based contrast media (Z = 53)
compared with human tissue (Zaverage < 15), particu-
larly for photon energies in the proximity of the k-edge
energy of iodine (� 33 keV) [7, 9, 10].

It has been shown that VMIlow facilitate and improve
the assessment of arterially hyper-enhancing liver lesions
in dual-source DECT [11, 12]. Further, the feasibility of
DECT to allow for material decomposition and for
quantification of contrast media (as a surrogate param-
eter for lesion vascularization) on contrast-enhanced
DECT has been demonstrated [6, 13].

For several years, emission-based DECT scanner
designs have been available, using two X-ray spectra of
different mean energies which are generated either (a) in
two separate scans at different tube voltages (sequential
scanning), (b) by repeated switching of the tube voltage
within a single rotation (kV-switching), or (c) in two
separate tube-detector systems within one scanner (dual-
source CT, DSCT) [6]. Recently, the first detector-based
approach, referred to as spectral detector computed
tomography (SDCT), was introduced [14, 15]. The
detector consists of two layers, an upper yttrium-based
layer detecting the low-energy incident photons, and a
gadolinium oxylsulfide-based lower layer in which pho-
tons of higher energy are detected. The design enables
acquisition of fully temporally and spatially matched
dual-energy projection data within an unrestricted field
of view [14]. Information from both detector layers can
be combined for reconstruction of conventional CT
images using hybrid-iterative reconstruction algorithms
(CI-IR) that have been investigated earlier [16–18]. For

dual-energy results, a dedicated spectral reconstruction
algorithm is provided that allows for reconstruction of
VMIs and conventional images (CI-SR). While CI-IR
and CI-SR seem visually similar, neither has this been
disclosed by the vendor explicitly nor is any literature is
available on this.

The aim of this study was to investigate quantitative
and qualitative image qualities of conventional and vir-
tual monoenergetic images from SDCT for assessment of
arterially hyper-enhancing focal liver lesions in phantoms
and in vivo. The phantom portion focuses on different
iterative and spectral reconstruction algorithms espe-
cially in terms of noise, and the patient portion focuses
on signal-to-noise and contrast-to-noise ratios as well as
subjective measures of image quality.

Materials and methods

Phantom design

A standardized, non-anthropomorphic phantom for
quality control with inserts of different densities was used
in this study (Gammex 464 with Body Ring, Sun Nuclear
Corporation, Middleton, WI, USA). Overall, the phan-
tom has an oval shape to mimic attenuation by a human
body with a dimension of 26.4 9 33.0 cm. Its matrix
material exhibitswater-equivalentHUvalues.Weplanned
to mimic arterially hyper-enhancing liver lesions by
inserting an acrylic tube (diameter 26 mm) containing a
solution of iodinated contrast agent in water (Accupaque
350 mg/mL, GE Healthcare; Little Chalfort, UK). To
determine an appropriate concentration of contrast agent,
preliminary experiments with different concentrations
were conducted (data not shown).Here, a concentrationof
0.75 mg/cm3 was found to best represent mean attenua-
tion of patient’s lesions (determined as described below).

Study population and lesion selection

The institutional review board approved this technical
feasibility study and waived informed consent due to the
retrospective study design. A structured search was car-
ried out within the radiology information system with the
following inclusion criteria: (a) age > 18 years, (b) bi-
phasic SDCT between June and July 2017, (c) examina-
tion with a standardized imaging protocol as described
below, (d) known cancer with potential hyper-vascular-
ized liver metastasis (melanoma, breast cancer, sarcoma,
or neuroendocrine tumors), and (e) report of a hyper-
attenuating liver lesion. Exclusion criteria comprised
(a) age £ 18 years, and (b) modified imaging protocol
and incomplete image reconstructions. In total, 28 pa-
tients were identified exhibiting a total of 69 arterially
hyper-enhancing focal liver lesions. Two board-certified
radiologists (AJH, SH) with 8 and 9 years of experience,
respectively, in abdominal CT determined the nature of
the liver lesions in consensus considering all available
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information including clinical information, histology,
follow-up CT (minimum time between CT: 6 months),
magnetic resonance imaging, and/or (contrast-enhanced)
ultrasound. Arterially hyper-enhancing liver metastases
(n = 16) and hemangiomas (n = 35) were included,
while lesions indeterminable upon available information
(n = 18) were excluded from further assessment. Hence,
the final analysis included 51 lesions of 7.2 ± 5.1 mm
along axis diameter in 20 patients (9 males, 11 females;
mean age 62 ± 15 years, range 39–83 years).

Image acquisition

All scans were performed on a clinical SDCT scanner
(IQon, Philips Healthcare, Best, The Netherlands). Pa-
tients were imaged in head-first supine position. A body
weight-adapted volume of non-ionic, iodinated contrast
agent (Accupaque 350 mg/mL, GE Healthcare; Little
Chalfort, UK) was administered intravenously via a
peripheral vein with a mean flow of 3.5 mL/s followed by
a 30 mL saline flush. The scans were started with delays
of 16 and 50 s after reaching the threshold value of
150 HU in the abdominal aorta for the arterial and ve-
nous phases, respectively. Tube current modulation was
activated in all patients (DoseRight 3D-DOM; Philips
Healthcare, Best, The Netherlands). Phantom scans used
fixed tube current of 100 mAs and were repeated five
times. Additional scan parameters used in both patient
and phantom scans were collimation 64 9 0.625 mm;
rotation time 0.5 s; pitch 0.671; tube voltage 120 kVp.

Image reconstruction

Image reconstruction for further analysis was limited to
the arterial phase only. All images were reconstructed in
the transaxial plane with slice thickness 2 mm and sec-
tion increment 1 mm.

Phantom

Conventional images were reconstructed using a hybrid-
iterative image reconstruction algorithm (CI-IR, iDose4,
Philips Healthcare, Best, The Netherlands) with a stan-
dard soft tissue kernel (B) and with presets for none,
medium, and high denoising (0, 3, and 6, respectively). To
obtain spectral results, image reconstruction with a dedi-
cated spectral reconstruction algorithm is required
(Spectral B, Philips Healthcare, Best, The Netherlands).
This spectral algorithmwas applied to obtain VMI of each
10 keV increment in the range 40–200 keV and conven-
tional images (CI-SR). Again, presets for none, medium,
and high denoising were chosen (0, 3, and 6, respectively).

Patients

In patients, image reconstruction of arterial phase was
limited to a medium denoising level (3) and to CI-IR and

VMI images of 40–200 keV with a 10 keV increment
using the above-named reconstruction algorithms and
kernel.

Quantitative assessment

Image analysis was performed on a standard DICOM
image viewer (Osirix v8.0, Pixmeo, Bernex, Switzerland).

Phantom

Circular regions of interest (ROI) of 1.0 cm2 area were
drawn in five consecutive slices in the matrix material
and the customized insert in CI-IR images. ROIs were
then copied and pasted to CI-SR and VMI datasets. ROI
attenuation mean and standard deviation (SD) in
Hounsfield Units (HU) were recorded, and the mea-
surements of repeated scans were averaged. Signal-to-
noise ratio was calculated as SNR = HUinsert / SDmatrix

adapted from previous studies [19, 20].

Patients

Circular ROIs were placed in the following structures in
arterial phase: lesions (19), liver parenchyma (39), psoas
muscle (29), subcutaneous fat (29), and abdominal
aorta (29). All ROI were drawn as large as possible (at
least 0.5 cm2) excluding unrepresentative structures such
as vessels, fasciae, and bile ducts. ROIs were placed in
CI-IR images and copied and pasted to matching loca-
tions in VMIs. Mean and standard deviation (SD) of
attenuation in Hounsfield Units (HUs) were recorded
and averaged where applicable. Image noise was repre-
sented by standard deviation in psoas muscle. Signal-to-
noise ratio of a ROIx was defined as SNRx = HUx/SDx;
Contrast-to-noise ratio of a ROIx as CNRx = |HUx-

HUmuscle|/SDmsucle; and lesion-to-liver ratio as
LLR = |HUlesion-HUliver|/SDliver, being adapted from
previous studies [11, 21–24].

Qualitative assessment

To assess relevant changes in subjective image quality in
patient examinations, evaluation was limited to CI-IR
and three representative VMI energy levels (40, 70, and
110 keV). The same two radiologists who initially char-
acterized the lesions 6 weeks later determined the sub-
jective image quality, blinded to the reconstruction
technique and patient history. Rating was performed in
consensus with regard to overall image quality, image
noise, and delineation of hepatic lesions on five-point
Likert scales: for overall image quality, ranging from
1 = severely impaired image quality/non-diagnostic to
5 = excellent image quality/high diagnostic certainty;
for image noise, ranging from 1 = excessive noise to
5 = images without noticeable noise; and for delineation
and contrast of the lesion, ranging from 1 = lack of
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delineation and poor, non-diagnostic lesion contrast to
5 = perfect delineation of the lesion with excellent,
strong lesion contrast. Next, the conventional recon-
struction (CI-IR) was identified, and the same radiolo-
gists were asked to rank VMI reconstructions compared
with CI-IR as a reference. The imaging features, as de-
scribed above (image quality, image noise, delineation of
hepatic lesions), were ranked as + 2 (much better)/+ 1
(better)/0 (equal)/- 1 (worse)/- 2 (much worse) com-
pared with CI-IR). Readers were explicitly free to adjust
window settings.

Statistical analysis

Interval scaled data are reported as mean ± standard
deviation, ordinal scaled data as median and quartile-
range. Descriptive statistics are given as fractions. Sta-
tistical analysis was performed using GraphPad Prism
(GraphPad Software, Version 6, La Jolla, CA, USA)
applying ANOVA with Bonferroni’s post hoc (for
interval scaled), Kruskal–Wallis and Wilcoxon signed-
rank test (for ordinal scaled data). Statistical significance
was defined as p £ 0.05.

Results

Phantom measurements

Mean attenuation of the insert in conventional image
reconstructions was comparable to the patients’ lesions
(phantom 132.2 HU vs. patients 135.6 HU). No differ-
ence between CI-IR and CI-SR was observed, therefore
the further analysis in patients was limited to CI-IR
(Table 1, Fig. 1). As expected, attenuation was the
highest in 40 keV images and decreased at higher keV
levels; the different denoising levels did not alter atten-
uation (p £ 0.05). Image examples can be found in On-
line Resources 1 and 2.

No difference in image noise between CI-IR and CI-
SR was observed. 40 keV VMI exhibited the highest
image noise, while image noise decreased at higher keV
levels (p £ 0.05, Table 1, Fig. 1). Noise at denoising level
6 (strongest) was 32%–42% lower for the matrix material
and 42%–46% lower for the insert compared with non-
denoised images (level 0) for corresponding reconstruc-
tions (p £ 0.05). The highest SNR values were found at
40 keV with the strongest (level 6) denoising levels em-
ployed.

Patients: qualitative assessment

Attenuation

Lesions exhibited average attenuation of 135.6 ± 40.2
HU in CI-IR. For VMIs, a stepwise decrease in the
absolute attenuation values of the lesions was found
from low to high keV. Compared with CI-IR, lesions
exhibited higher attenuation in VMIlow images (40 and
50 keV) and lower attenuation values in high keV
(90–200 keV) reconstructions (Fig. 2A, Table 2). The li-
ver parenchyma exhibited the highest attenuation in
40 keV images (CI-IR vs. 40 keV/200 keV: 74.4 ± 13.4
HU vs. 116.0 ± 38.9 HU, p £ 0.001/59.8 ± 6.3 HU,
n.s.). Further attenuation values are listed in Table 2.

Noise

Image noise was significantly lower in any VMI recon-
struction compared with CI-IR (p £ 0.05, Table 2,
Fig. 2B). In VMIs, noise decreased slightly for VMI
images from 40 to 60 keV, followed by a relatively con-
stant noise level up to 200 keV.

Signal-to-noise ratio (SNR)

VMIlow images had higher SNR in patients. SNR for
lesions was significantly higher for 40 and 50 keV VMIs

Table 1. Quantitative image parameters for phantom measurements

Denoising level CI-IR CI-SR 40 keV 70 keV 110 keV 200 keV

Attenuation Matrix 0 0.9 ± 1.3 0.9 ± 1.3 4.0 ± 1.6 1.9 ± 0.7 1.2 ± 0.8 1.0 ± 1.0
3 1.0 ± 1.1 1.0 ± 1.1 3.9 ± 1.2 1.9 ± 0.6 1.3 ± 0.7 1.1 ± 0.9
6 1.0 ± 1.0 1.0 ± 1.0 3.9 ± 1.2 1.9 ± 0.5 1.3 ± 0.7 1.2 ± 0.8

Insert 0 132.3 ± 14.4 132.3 ± 14.4 375.0 ± 100.2 149.6 ± 20.5 78.8 ± 9.1 53.7 ± 16.9
3 132.3 ± 13.9 132.3 ± 13.9 376.5 ± 99.3 149.7 ± 20.2 78.4 ± 9.0 53.2 ± 16.6
6 132.3 ± 13.5 132.3 ± 13.5 376.7 ± 98.0 149.7 ± 20.2 78.3 ± 8.6 53.1 ± 16.0

Noise Matrix 0 22.7 ± 1.7 22.7 ± 1.7 20.0 ± 1.9 18.7 ± 1.4 18.4 ± 1.3 18.3 ± 1.2
3 17.7 ± 1.4 17.7 ± 1.4 15.4 ± 1.6 14.4 ± 1.1 14.1 ± 1.0 14.1 ± 0.9
6 12.7 ± 1.1 12.7 ± 1.1 11.0 ± 1.4 10.0 ± 0.9 9.7 ± 0.7 9.7 ± 0.7

Insert 0 24.6 ± 2.8 24.6 ± 2.8 44.6 ± 11.4 22.1 ± 2.7 18.8 ± 1.0 18.5 ± 0.6
3 20 ± 2.7 20 ± 2.7 42.3 ± 11.1 18.3 ± 3.0 14.6 ± 0.8 14.6 ± 0.5
6 15.6 ± 2.7 15.6 ± 2.7 39.1 ± 11.5 14.8 ± 3.3 10.8 ± 0.8 10.9 ± 0.5

SNR SNR 0 5.8 ± 1.1 5.8 ± 1.1 18.8 ± 2.2 8.0 ± 1.2 4.3 ± 1.0 2.9 ± 1.0
3 7.5 ± 1.1 7.5 ± 1.1 24.5 ± 2.8 10.4 ± 1.3 5.6 ± 1.0 3.8 ± 1.0
6 10.4 ± 1.2 10.4 ± 1.2 34.1 ± 3.5 14.9 ± 1.5 8.1 ± 1.1 5.5 ± 1.1

Attenuation, standard deviation (SD) and Signal-to-noise ratio (SNR) for an insert containing a solution of an iodinated contrast agent
(c = 0.75 mg/cm3) using hybrid-iterative and spectral reconstruction algorithm for conventional images (CI-IR and CI-SR, respectively) and SR for
different VMI levels (40, 70, 110 and 200 keV) with different presets for none, medium and high denoising applied (0, 3 and 6, respectively)
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(p £ 0.01; Table 2). For liver parenchyma, SNR was
higher for 40–70 keV VMIs compared with CI-IR (Ta-
ble 2).

Contrast-to-noise ratio (CNR)

CNR of lesions was the highest in 40 keV VMI and de-
creased with the increasing VMI keV levels (p £ 0.05).
Statistically significant differences from CI-IR were ob-
served for 40–60 keV VMIs (Table 2).

Lesion-to-liver ratio (LLR)

The contrast between liver parenchyma and lesions was
significantly higher in VMI images from 40 to 60 keV

compared with conventional reconstructions and lower
in images of 100 keV and above (p £ 0.05; Table 2,
Fig. 2C).

Subjective image quality

Overall image quality was comparable in CI-IR; 40 and
70 keV VMI images with a slight tendency toward im-
proved image quality in 40 keV images (p > 0.05).
110 keV VMI images were rated significantly inferior to
both 40 keV VMI image and CI-IR (CI-IR/40 vs.
110 keV: 4 (2–5)/4 (3–5) vs. 3 (2–4), p £ 0.001, Fig. 3A).
Regarding subjective image noise, 40 keV images were
rated the best, while 110 keV VMI images received the
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Fig. 1. Attenuation (HU), noise (SD) and signal-to-noise
ratio (SNR) for matrix material (blue, +) of the phantom and
the insert (red, o) with an iodine-based solution for different
reconstructions and presets for image denoising. Attenuation
did neither change between iterative and spectral recon-
struction of conventional images (CI-IR and CI-SR), nor any

denoising preset, while noise did decrease with increase of
denoising strength. Remarkably, the iodine-based insert led to
a clear increase of both, attenuation and noise in the proximity
of the k-edge of iodine. SNR was the highest in low-keV virtual
monoenergetic images and increased with the denoising
strength.
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lowest ratings (5 (4–5) and 3 (3–4), respectively,
p £ 0.001). Lesion delineation in 40 keV images was
rated superior to the other reconstructions, while CI-IR
and 70 keV VMI image showed comparable ratings (CI-
IR vs. 40/70 keV: 4 (3–5) vs. 5 (4–5), p £ 0.01/4 (3–5),
p � 1, Figs. 3A, 4).

In ranking compared with CI-IR, 40 keV images
exhibited comparable overall image quality (p = 0.18),
while image noise and lesion delineation were ranked
superior to CI-IR (both p £ 0.01, Fig. 3B). 110 keV
images were ranked significantly inferior to CI-IR in all
three categories (p £ 0.05).

Discussion

This study aimed to investigate quantitative and quali-
tative imaging parameters from conventional and VMI
reconstructions for the assessment of arterially hyper-
enhancing focal liver lesions.

The phantom portion focused on quantitative imag-
ing parameters. Together with SDCT a corresponding
spectral reconstruction algorithm was introduced. We
found that conventional images reconstructed with this
algorithm are identical in terms of attenuation and noise
to images reconstructed with the vendor’s hybrid-itera-
tive reconstruction algorithm (IR), which has been
extensively examined on multidetector CT [25, 26]. As
expected, mean attenuation was unaffected by the dif-
ferent levels of image denoising in CI, while noise did
decrease around 40% at the strongest denoising level.
According to the vendor, the lowest setting for denoising
in the IR algorithm is equivalent to filtered back pro-
jection; however, in SDCT, a minimal degree of denois-
ing is performed to combine the two detector layers.

The highest attenuation by the iodine insert was
found in 40 keV VMI, as expected due to the proximity
of this energy to the iodine k-edge [9, 11, 27]. Accord-
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Fig. 2. Illustration of the image mean attenuation of the liver
lesions (HU) clearly reveals higher attenuation in low-keV
virtual monoenergetic images compared with conventional
images (A). Noise, as depicted by standard deviation (SD) of
the psoas muscle, differed in dependency of kEV level in
virtual monoenergetic reconstructions (VMIs); however, it was
found to be lower in any VMI compared with CI-IR (B). This

resulted in clear superiority of the lesion-to-liver ratio in
40–60 keV images compared with CI-IR (C). Significant dif-
ferences compared with CI are indicated (*p £ 0.05;
***p £ 0.001); geometric (-) and arithmetic mean (+) are
indicated within the boxplots; the mean for conventional
images (CI-IR) is indicated throughout the other boxplots
(horizontal, dotted line).
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ingly, noise was the highest in 40 keV images as well.
Remarkably, noise in the matrix material remained
approximately constant across the entire range of keV
choices. The increased attenuation outweighed the in-
crease in noise at low keV, such that 40 keV images
yielded a threefold higher SNR compared with CI-IR/
SR.

The findings from the phantom experiments were
confirmed in vivo: low-keV VMI reconstructions yielded
higher attenuation for both liver parenchyma and hep-
atic lesions. The noise level remained low as expected
from the phantom measurements resulting in increases in
CNR and SNR values across the entire keV range, e.g.,
in 40 keV reconstructions with a threefold higher lesion-
to-liver ratio compared with CI.

Therefore, the two key technical findings are: (a) at-
tenuation boost in low-keV VMI in combination with
(b) low image noise throughout the entire range of
available VMI reconstructions. The first aspect is well
known from multiple previous DECT studies; however,
in those studies, the use of low-keV VMI (< 60 keV)
was typically limited due to drastically increased image
noise [11, 28, 29]. Reduced image noise is a novel aspect
in SDCT and can most likely be explained by the
detector-based dual-energy approach. The two stacked
detector layers of SDCT allow for temporally and spa-
tially matched acquisition of low and high energy data-
sets, which enables exploitation of the anti-correlation of
noise between the two DECT base datasets for overall
noise suppression [30, 31]. Further reduction of image

Fig. 4. Axial CT-image of a 55-year-old male with history of
melanoma exhibiting a hemangioma in segment VIII. The
hemangioma is visible in the conventional image (CI) as well
as for VMI images of 40, 70, and 110 keV. However, as

suggested by the lesion-to-liver ratio, the hemangioma stands
out much clearer in 40 keV images compared with 70 keV
images and CI. Window levels were adjusted for each
reconstruction.
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noise is achieved by the use of iterative methods in the
dedicated spectral reconstruction algorithm [32–34].
Among other DECT implementations, only the kVp-
switching technique enables VMI reconstruction within
the projection domain; however, because raw data are
acquired neither in temporal nor spatial coherence,
interpolation is necessary for post-processing in the
projection domain [6, 35]. Generally, methods for VMI
reconstruction in the image domain result in increased
image noise [30]; however, this problem is addressed by a
new reconstruction algorithm available for third-gener-
ation DSCT that the characteristic peak of SNR- and
CNR at 70 keV towards lower energies, resulting in
continuous increase of SNR and CNR with lower en-
ergies analogous to SDCT [28, 33].

Subjective image evaluation by experienced radiolo-
gists agreed with quantitative findings in terms of image
noise. Overall image quality was rated superior or equal
to CI in 40 and 70 keV images, respectively. Lesion
delineation on 40 keV images was significantly better
compared with CI which is a direct effect of increased
contrast between lesion and liver parenchyma; however,
further work is needed to determine if these reconstruc-
tions can be used for robust lesion size assessment due to
possible blooming contrast.

There are several limitations to this study. First, this
study was designed to assess known lesions (only
hemangiomas and metastasis, excluding other types such
as hepatocellular carcinomas) and to investigate their
imaging properties in terms of objective and subjective
image qualities. Thus, diagnostic certainty or accuracy
were not investigated. To the authors’ knowledge, no
previous study has provided phantom and clinical data
on VMI reconstructions from SDCT with a focus on
arterially hyper-enhancing liver lesions. Regarding
phantom measurements, it needs to be mentioned that
although the inserts did mimic imaging properties of
arterially hyper-enhancing lesions, the matrix material
showed water-equivalent attenuation values. This might
result in an overestimation of the SNR. Having
demonstrated the feasibility of improved image quality in
this study, the diagnostic impact of this technique needs

to be addressed in future studies. Second, we assessed
image noise by measurement of standard deviation in an
ROI, which is not physically correct in images derived
from iterative reconstruction.

Conclusion

SDCT allows for reconstruction of conventional CT
images that are identical with established hybrid-iterative
image reconstruction. Further, it allows reconstruction
of virtual monoenergetic images that provide a relatively
low noise level throughout the entire keV spectrum and
yield increases of signal-to-noise and contrast-to-noise
ratios in arterially hyper-enhancing liver lesions.
Accordingly, subjective lesion visualization and delin-
eation is improved. We suggest using low-energy
(~ 40 keV) VMI from SDCT when examining the liver
for arterially hyper-enhancing lesions, particularly in
patients with tumors known for hyper-vascularized
metastases.
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