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Abstract: Purpose: To assess the influence of different dual-energy CT (DECT) scanner techniques
on the severity of visceral-motion-related artifacts on the liver. Methods: Two independent readers
retrospectively evaluated visceral-motion-related artifacts on the liver on 120-kVp(-like), monoener-
getic low- and high-keV, virtual non-contrast (VNC), and iodine images acquired on a dual-source,
twin-beam, fast kV-switching, and dual-layer spectral detector scanner. Quantitative assessment:
Depth of artifact extension into the liver, measurements of Hounsfield Units (HU) and iodine concen-
trations. Qualitative assessment: Five-point Likert scale (1 = none to 5 = severe). Artifact severity
between image reconstructions were compared by Wilcoxon signed-rank and paired t-tests. Results:
615 contrast-enhanced routine clinical DECT scans of the abdomen were evaluated in 458 consecutive
patients (mean age: 61 ± 14 years, 331 men). For dual-source and twin-beam scanners, depth of exten-
sion of artifacts into the liver was significantly shorter and artifact severity scores significantly lower
for 120-kVp-like images compared with the other image reconstructions (p < 0.001, each). For fast
kV-switching and spectral detector scanner images, depth of extension of artifacts was significantly
shorter and artifact severity scores significantly lower for iodine images (p < 0.001, each). Dual-source
120-kVp-like and spectral detector iodine images reduced artifacts to an extent that no significant
difference in HU or iodine concentrations between artifacts (dual-source: 97 HU, spectral detector:
1.9 mg/mL) and unaffected liver parenchyma (dual-source: 108 HU, spectral detector: 2.1 mg/mL)
was measurable (dual-source: p = 0.32, spectral detector: p = 0.15). Conclusion: Visceral-motion-related
artifacts on the liver can be markedly reduced by viewing 120-kVp-like images for dual-source and
twin-beam DECT scanners and iodine images for fast kV-switching and dual-layer spectral detector
DECT scanners.

Keywords: tomography; X-ray computed; dual-energy computed tomography; abdomen; liver;
artifacts; peristalsis

1. Introduction

Computed tomography (CT) is frequently used for oncologic staging and follow-up.
Optimization of CT image quality is essential for accurate assessment of the liver, as it is
commonly affected by metastases and primary tumors that may be small or subtle. Image
artifacts at CT degrade image quality and may compromise diagnostic accuracy [1,2].

Different types of CT image artifacts are known to relate to CT data acquisition, image
reconstruction, metallic implants, and patient motion [1–5]. In particular, motion-related
artifacts caused by involuntary movement such as intestinal peristalsis or cardiac motion
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are challenging. The peristalsis-related movement of intraluminal gas in the stomach or
bowel during CT scanning can cause bright and dark streak artifacts in CT images [2,6–8].
Due to the anatomical proximity of the liver to the stomach, the liver, particularly the left
liver lobe, is frequently affected by visceral-motion-related artifacts [7,9].

Advances in CT techniques such as rapid scanning and software-based correction al-
gorithms can reduce the severity and frequency of visceral-motion-related artifacts [2,10,11].
However, with a prevalence ranging from 25% to 70%, these artifacts remain frequent in
CT scans of the abdomen, often affecting the liver [2,7,9].

Another method to reduce visceral-motion-related artifacts is enabled by dual-energy
computed tomography (DECT) [7]. DECT utilizes the imaging data from two different
X-ray photon energy levels, typically to identify and quantify material composition [12–17].
Different scanner implementations are currently used in clinical practice to acquire low-
and high-kVp datasets in order to generate DECT images: Dual-source DECT scanners use
two X-ray tubes at different tube voltages and two detector arrays mounted orthogonally
in the gantry [12,18,19]. Twin-beam DECT scanners use a gold/tin split filter applied to a
single X-ray tube to create a high-energy spectrum in one half and a low-energy spectrum
in the other half of the single beam [12,13,18]. Fast kV-switching DECT scanners use a
single X-ray tube that switches rapidly between a high- and low-energy spectrum [12,18,19].
Dual-layer spectral detector DECT scanners use a conventional polychromatic X-ray beam
that is separated into low- and high-energy photons at the detector level [12,18,19].

Low-keV (40–50 keV) monoenergetic and iodine DECT image reconstructions improve
liver lesion conspicuity [20–23]. Furthermore, iodine DECT image reconstructions are help-
ful in the characterization of liver lesions [24,25]. For dual-layer spectral detector DECT
scanners, it was shown that visceral-motion-related artifacts on the liver can be substantially
reduced by viewing iodine DECT image reconstructions [9]. However, as DECT method-
ologies differ significantly between DECT scanners, it is unclear whether iodine images are
useful for visceral-motion-related artifact reduction in other scanner implementations.

The aim of our study was to assess the influence of clinical dual-source, twin-beam,
fast kV-switching, and dual-layer spectral detector DECT image reconstructions on the
severity of visceral-motion-related artifacts on the liver.

2. Materials and Methods

In total, 131 of the 458 patients were included in a previous study [9]. This prior article
dealt with visceral-motion-related artifact reduction with a dual-layer spectral detector
DECT scanner only, whereas in this manuscript, we report on visceral-motion-related
artifact reduction with different DECT scanner models, as DECT methodologies differ
significantly between models.

This study is compliant with the Health Insurance Portability and Accountability Act.
Need for informed consent was waived by the institutional review board. The National
Institutes of Health and Philips Healthcare provided funding for our study as part of a
research grant. The funders had no role in the study design, data collection, data analyses,
data interpretation, manuscript writing, or in publishing the results.

2.1. Study Population

In this retrospective analysis, we evaluated all contrast-enhanced CT scans (arterial
phase, venous phase, delayed phase) of the abdomen acquired as part of clinical routine
on a dual-source CT scanner during the time period from 29 April 2021 to 28 May 2021,
on a twin-beam CT scanner from 8 May 2021 to 28 May 2021, on a fast kV-switching CT
scanner from 1 February 2018 to 5 March 2018, and on a dual-layer spectral detector CT
scanner from 13 September 2017 to 1 April 2018. Patients <18 years-of-age were excluded.
No antispasmodic medication was administered. Following the clinical routine standard
operating procedure of our department, fasting prior to CT image acquisition was not
required. CT scans with artifacts on the liver originating from oral contrast material or
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metallic foreign materials were excluded. CT scans with missing source dual-energy data
were excluded from artifact evaluation.

2.2. CT Image Acquisition

DECT image data sets were acquired on four different scanners: (1) Dual-source CT
scanner (Somatom Definition Flash; Siemens Healthineers, Forchheim, Germany), (2) Twin-
beam CT scanner (Somatom Definition Edge; Siemens Healthineers, Forchheim, Germany),
(3) Fast kV-switching CT scanner (Revolution; GE Healthcare, Chicago, Illinois), (4) Dual-
layer spectral detector CT scanner (IQon; Philips Healthcare, Cleveland, OH, USA). Further
details are provided in Table 1 and in the Supplementary Material.

Table 1. Scan parameters of the different CT scanners. ASIR-V (adaptive statistical iterative recon-
struction). ADMIRE (advanced modeled iterative reconstruction).

Dual-Source Twin-Beam Fast kV-Switching Dual-Layer Spectral
Detector

Tube voltage Source A: 100 kVp
Source B: 140 kVp 120 kVp

80 and 140 kVp
(0.25 millisecond

kV-switching)
120 kVp

Filtration Tin filter (Source B) Tin/gold split-filter none none
Tube current–time product

reference values
70 mAs (automatic tube

current adaption)
70 mAs (automatic tube

current adaption)
70 mAs (automatic tube

current adaption)
70 mAs (automatic tube

current adaption)
Collimation 2 × 64 × 0.6 mm 64 × 0.6 mm 128 × 0.625 mm 64 × 0.625 mm

Reconstruction algorithm ADMIRE strength 3 ADMIRE strength 3 30% ASIR- V Spectral level 3
Slice thickness 2.5 mm 2.5 mm 2.5 mm 2.5 mm

120-kVp-like images Mix of 100 kVp and
140 kVp (tin filter)

Mix of 120 kVp (gold filter)
and 120 kVp (tin filter) 70 keV 120 kVp

2.3. Image Analysis

Images were viewed on standard picture archiving and communication system (PACS)
workstations. The commercially available dedicated postprocessing software Syngo. Via
version VB30A (Siemens Healthineers, Forchheim, Germany) was used for the evaluation
of dual-source and twin-beam images, GSI Volume Viewer version 13.0 (GE Healthcare,
Chicago, IL, USA) for fast kV-switching images, and IntelliSpace Portal version 11.1 (Philips
Healthcare, Cleveland, OH, USA) for dual-layer spectral detector images. Two independent
radiologists (Reader A: S.G., 4 years of experience in abdominal radiology) (Reader B: K.V.,
6 years of experience in abdominal radiology) analyzed axial images of the different DECT
reconstructions. DECT images were reviewed on default window level settings for the
presence or absence of visceral-motion-related artifacts on the liver. The organ where the
visceral-motion-related artifacts originated from was recorded. An artifact was considered
to be present if it was scored as visible by one or both readers. To assess inter-reader and
intra-reader variability, all CT scans with visceral-motion-related artifacts were evaluated
independently by Reader A and B, then 26 CT scans with visceral-motion-related artifacts
were evaluated again four weeks after the first reading by Reader A.

2.4. Quantitative Visceral-Motion-Related Artifact Evaluation

The depth of artifact extension into the liver parenchyma was measured from the
affected liver capsule to the last visible extent of the artifact on the liver parenchyma in
millimeters on axial 120-kVp(-like) images, monoenergetic low-keV (dual-source scanner:
40-keV, twin-beam scanner: 40-keV, fast kV-switching scanner: 40-keV, dual-layer spectral
detector scanner: 40-keV), monoenergetic high-keV (dual-source scanner: 190-keV, twin-
beam scanner: 190-keV, fast kV-switching scanner: 140-keV, dual-layer spectral detector
scanner: 200-keV), virtual non-contrast (VNC), and iodine images.

Circular regions of interest (ROI) were manually placed in the brightest area of the ar-
tifact, darkest area of the artifact, and in neighboring unaffected liver parenchyma. ROImax
was defined as bright, ROImin as dark, on low-keV images. Areas of inhomogeneity due
to partial volume effect, vessels, or tissue borders were avoided. ROIs were propagated
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onto the axial 120-kVp(-like), low-keV, high-keV, VNC, and iodine images with identical
ROI sizes in identical anatomical ROI locations. ROI measurements are presented in HU
(120-kVp(-like), low-keV, high-keV, and VNC images) or iodine concentrations in mg/mL
(iodine images). Comparisons of ROI measurements were performed between artifacts and
neighboring liver parenchyma not affected by artifacts, which served as reference tissue.

2.5. Qualitative Visceral-Motion-Related Artifact Evaluation

Visceral-motion-related artifact severity on the liver in 120-kVp(-like), low- and high-
keV, VNC, and iodine images was qualitatively evaluated on a five-point Likert scale [9]:
1 = Absence of visceral-motion-related artifact on the liver; 2 = Visible visceral-motion-
related artifact with no effect on diagnosis on the liver; 3 = Moderate visceral-motion-related
artifact that may decrease confidence in diagnosing a 0.5 to 0.9 cm liver lesion; 4 = Distinct
visceral-motion-related artifact that prevents the diagnosis of a 0.5 to 0.9 cm liver lesion,
and that may decrease confidence in diagnosing a ≥ 1.0 cm liver lesion; 5 = Severe visceral-
motion-related artifact that prevents the diagnosis of a ≥ 1.0 cm liver lesion [9].

2.6. Statistical Analysis

Continuous variables were expressed as mean ± standard deviation (SD), categorical
variables as frequencies and percentages. The Shapiro–Wilk test was used for testing
for normality.

Intra-reader and inter-reader agreement for qualitative artifact scores and quantitative
artifact measurements was calculated using intraclass correlation coefficients (ICC) and
weighted Cohen’s kappa coefficients, respectively [26–28].

The Wilcoxon signed-rank test was used to compare the depth of visceral-motion-
related artifact extension into the liver and qualitative artifact scores between 120-kVp(-like),
low-keV, high-keV, VNC, and iodine images of each scanner, respectively. The paired t-
test was performed to evaluate the relationship between ROI measurements (HU, iodine
concentration) of visceral-motion-related artifacts and the neighboring liver parenchyma
not affected by artifacts in 120-kVp(-like), low-keV, high-keV, VNC, and iodine images of
each scanner, respectively.

In addition, p-values < 0.05 were considered to denote statistical significance. Statistical
analysis was performed with the open-source software RStudio Version 1.4.1103 (RStudio
Team (2020), RStudio: Integrated Development for R. RStudio, PBC, Boston, MA, USA).

3. Results
3.1. Study Population

In total, we evaluated 615 contrast-enhanced CT scans of the abdomen in 458 patients
(mean age: 61 ± 14 years, 331 men) (dual-source scanner: 127 scans in 90 consecutive
patients, twin-beam scanner: 142 scans in 140 consecutive patients, fast kV-switching
scanner: 126 scans in 97 consecutive patients, dual-layer spectral detector scanner: 220 scans
in 131 consecutive patients). A total of 36/615 (6%) CT scans were excluded due to artifacts
on the liver originating from metallic foreign materials or oral contrast material.

Visceral-motion-related artifacts on the liver were present in 178/579 (31%) CT scans.
Artifacts involved the left liver lobe only in 169/178 (95%), the right liver lobe only in
3/178 (2%), and both liver lobes in 6/178 (3%) CT scans. Visceral-motion-related artifact
origin was the stomach in 152/178 (85%), the transverse colon in 17/178 (10%), and
the heart in 9/178 (5%) CT scans. Further details are provided in Figure 1 and in the
Supplementary Material.
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Figure 1. Flow chart of the study population. In total 615 contrast-enhanced CT scans of the abdomen
in 458 patients (mean age: 61 ± 14 years, 331 men) were evaluated. Dual-source: 90 patients (mean
age: 58 ± 14 years, 50 men). Twin-beam: 140 patients (mean age: 51 ± 19 years, 72 men). Fast kV-
switching: 97 patients (mean age: 66 ± 11 years, 89 men). Dual-layer spectral detector: 131 patients
(mean age: 68 ± 10 years, 120 men).
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3.2. Quantitative Visceral-Motion-Related Artifact Evaluation

The inter-reader agreement in the quantitative assessment of depth of artifact extension
into the liver was moderate (ICC = 0.56, p < 0.001), and of Hounsfield Unit and iodine
concentration differences of visceral-motion-related artifacts from normal liver parenchyma
was moderate (ICC = 0.64, p < 0.001). The intra-reader agreement in the assessment of
depth of artifact extension was excellent (ICC = 0.97, p < 0.001), and of Hounsfield Unit and
iodine concentration differences was excellent (ICC = 0.98, p < 0.001).

(1) Dual-source scanner: Depth of extension of visceral-motion-related artifacts into the
liver (see Figures 2 and 3) was significantly shorter (p < 0.001, each) for
120-kVp-like images (mean length: 5 ± 6 mm) compared with 40-keV (mean length:
16 ± 11 mm), 190-keV (mean length: 16 ± 9 mm), VNC (mean length: 15 ± 10 mm),
and iodine (mean length: 16 ± 11 mm) images. Mean ROI measurements (HU or
iodine concentration, respectively) were significantly different in the bright and dark
artifact components compared to the neighboring liver parenchyma not affected by
artifacts in 40-keV (p < 0.001, each), 190-keV (p < 0.001, each), VNC (p < 0.001, each),
and iodine images (p < 0.001, each). However, in 120-kVp-like images, mean ROI
measurements were not significantly different in bright (ROImin) artifact components
compared to unaffected liver parenchyma (p = 0.32), as opposed to dark (ROImax)
artifact components (p < 0.001).

(2) Twin-beam scanner: Depth of extension of visceral-motion-related artifacts into
the liver was significantly shorter (p < 0.001, each) for 120-kVp-like images (mean
length: 4 ± 5 mm) compared with 40-keV (mean length: 18 ± 12 mm), 190-keV
(mean length: 16 ± 11 mm), VNC (mean length: 15 ± 11 mm), and iodine (mean
length: 16 ± 11 mm) images. Mean ROI measurements were significantly different in
the bright and dark artifact components compared to unaffected liver parenchyma in
120-kVp-like (p = 0.006, p = 0.03), 40-keV (p < 0.001, each), 190-keV (p < 0.001, each),
VNC (p < 0.001, each), and iodine images (p < 0.001, each).

(3) Fast kV-switching scanner: Depth of extension of visceral-motion-related artifacts into
the liver was significantly shorter (p < 0.001, each) for iodine (mean length: 6 ± 7 mm)
images compared with 120-kVp-like (mean length: 11 ± 7 mm), 40-keV (mean length:
9 ± 8 mm), 140-keV (mean length: 10 ± 8 mm), and VNC (mean length: 13 ± 8 mm)
images. Mean ROI measurements were significantly different in the bright and dark
artifact components compared to unaffected liver parenchyma in 120-kVp-like (p < 0.001,
each), 40-keV (p < 0.001, each), 140-keV (p < 0.001, each), VNC (p < 0.001, each), and
iodine images (p < 0.001, each).

(4) Dual-layer spectral detector scanner: Depth of extension of visceral-motion-related
artifacts into the liver was significantly shorter (p < 0.001, each) for iodine (mean
length: 2 ± 5 mm) images compared with 120-kVp (mean length: 11 ± 5 mm), 40-keV
(mean length: 10 ± 6 mm), 200-keV (mean length: 11 ± 5 mm), and VNC (mean
length: 11 ± 5 mm) images. Mean ROI measurements were significantly different in
the bright and dark artifact components compared to unaffected liver parenchyma in
120-kVp (p < 0.001, each), 40-keV (p < 0.001, each), 200-keV (p < 0.001, each), and VNC
(p < 0.001, each) images. However, in iodine images mean ROI measurements were
not significantly different in bright (ROImax) artifact components compared to unaf-
fected liver parenchyma (p = 0.15), as opposed to dark (ROImin) artifact components
(p < 0.001). Further details on quantitative artifact measurements are provided in
Table 2 and the Supplementary Material.
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(bottom row).
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Figure 3. Depth of extension of visceral-motion-related artifacts into the liver parenchyma measured
in axial 120-kVp(-like), low- and high-keV, VNC, and iodine images acquired on a dual-source,
twin-beam, fast kV-switching, and dual-layer spectral detector CT scanner.
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Table 2. Quantitative measurements of visceral-motion-related artifacts on the liver in 120-kVp(-like),
low- and high-keV, VNC, and iodine images acquired on a dual-source, twin-beam, fast kV-switching,
and dual-layer spectral detector DECT scanner. ROImax (regions of interest measurement in the most
visible area and on the low-keV bright area of the artifact). ROImin (regions of interest measurement
in the most visible area and on the low-keV dark area of the artifact). ROIref (regions of interest
measurement in neighboring, unaffected liver parenchyma).

Dual-source

Image reconstructions
Quantitative artifact measurements p-values

mean ROImax mean ROImin mean ROIref
mean ROImax

compared with mean
ROIref

mean ROImin
compared with mean

ROIref

120-like 97 HU 105 HU 108 HU p < 0.001 p = 0.32
40 keV 345 HU 39 HU 277 HU p < 0.001 p < 0.001
190 keV 36 HU 126 HU 68 HU p < 0.001 p < 0.001

VNC 35 HU 107 HU 62 HU p < 0.001 p < 0.001
Iodine 4.0 mg/mL −2.7 mg/mL 2.5 mg/mL p < 0.001 p < 0.001

Twin-beam

Image reconstructions
Quantitative artifact measurements p-values

mean ROImax mean ROImin mean ROIref
mean ROImax

compared with mean
ROIref

mean ROImin
compared with mean

ROIref

120-like 98 HU 101 HU 106 HU p = 0.006 p = 0.03
40 keV 513 HU −79 HU 269 HU p < 0.001 p < 0.001
190 keV 21 HU 142 HU 70 HU p < 0.001 p < 0.001

VNC 25 HU 107 HU 67 HU p < 0.001 p < 0.001
Iodine 4.8 mg/mL −3.1 mg/mL 2.3 mg/mL p < 0.001 p < 0.001

Fast kV-switching

Image reconstructions
Quantitative artifact measurements p-values

mean ROImax mean ROImin mean ROIref
mean ROImax

compared with mean
ROIref

mean ROImin
compared with mean

ROIref

120-like 183 HU 55 HU 115 HU p < 0.001 p < 0.001
40 keV 379 HU 151 HU 255 HU p < 0.001 p < 0.001
140 keV 106 HU 19 HU 62 HU p < 0.001 p < 0.001

VNC 94 HU 21 HU 59 HU p < 0.001 p < 0.001
Iodine 3.8 mg/mL 1.8 mg/mL 2.6 mg/mL p < 0.001 p < 0.001

Dual-layer spectral detector

Image reconstructions
Quantitative artifact measurements p-values

mean ROImax mean ROImin mean ROIref
mean ROImax

compared with mean
ROIref

mean ROImin
compared with mean

ROIref

120 kVp 134 HU 86 HU 102 HU p < 0.001 p < 0.001
40 keV 242 HU 173 HU 216 HU p < 0.001 p < 0.001
200 keV 94 HU 54 HU 62 HU p < 0.001 p < 0.001

VNC 89 HU 50 HU 74 HU p < 0.001 p < 0.001
Iodine 1.9 mg/mL 1.7 mg/mL 2.1 mg/mL p = 0.15 p < 0.001

3.3. Qualitative Visceral-Motion-Related Artifact Evaluation

The inter-reader agreement in the qualitative evaluation (five-point Likert scale) of
visceral-motion-related artifact severity on the liver was substantial (kappa coefficient = 0.64,
p < 0.001) (dual-source scanner: kappa coefficient = 0.70, p < 0.001; twin-beam scanner:
kappa coefficient = 0.65, p < 0.001; fast kV-switching scanner: kappa coefficient = 0.60,
p < 0.001; dual-layer spectral detector scanner: kappa coefficient = 0.51, p < 0.001). The
intra-reader agreement was almost perfect (kappa coefficient = 0.89, p < 0.001).

(1) Dual-source scanner: Qualitative artifact scores (see Figure 4) were significantly lower
(p < 0.001, each) for 120-kVp-like images (median score: 2, range: 1–5) compared with
40-keV (median score: 4, range: 1–5), 190-keV (median score: 3, range: 2–5), VNC
(median score: 3, range: 2–5), and iodine (median score: 4, range: 1–5) images.

(2) Twin-bean scanner: Qualitative artifact scores were significantly lower (p < 0.001,
each) for 120-kVp-like images (median score: 2, range: 1–4) compared with 40-keV
(median score: 5, range: 1–5), 190-keV (median score: 3, range: 2–5), VNC (median
score: 3, range: 1–5), and iodine (median score: 4, range: 1–5) images.

(3) Fast kV-switching scanner: Qualitative artifact scores were significantly lower (p < 0.001,
each) for iodine images (median score: 2, range: 1–5) compared with 120-kVp-like
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(median score: 3, range: 1–5), 40-keV (median score: 3, range: 1–5), 140-keV (median
score: 3, range: 1–5), and VNC (median score: 3, range: 1–5) images.

(4) Dual-layer spectral detector scanner: Qualitative artifact scores were significantly
lower (p < 0.001, each) for iodine images (median score: 1, range: 1–3) compared with
120-kVp (median score: 3, range: 1–5), 40-keV (median score: 3, range: 1–5), 200-keV
(median score: 3, range: 2–5), and VNC (median score: 3, range: 1–5) images. Further
details on qualitative artifact scores are provided in the Supplementary Material.
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Figure 4. Qualitative artifact scores (1 = none to 5 = severe) of visceral-motion-related artifacts on the
liver in axial 120-kVp(-like), low- and high-keV, VNC, and iodine images acquired on a dual-source,
twin-beam, fast kV-switching, and dual-layer spectral detector CT scanner.

4. Discussion

We found that, in routine clinical DECT scans of the abdomen, visceral-motion-related
artifacts on the liver could be minimized by viewing specific DECT image reconstructions,
depending on the type of DECT scanner. For dual-source and twin-beam DECT scanners,
visceral-motion-related artifacts were significantly less severe, both quantitatively and
qualitatively, when the liver was viewed using 120-kVp-like images, but not iodine images.
Conversely, for fast kV-switching and dual-layer spectral detector DECT scanners, visceral-
motion-related artifact on the liver were significantly less severe in iodine images, but not
in 120-kVp(-like) images. Dual-source 120-kVp-like images and dual-layer spectral detector
iodine images reduced visceral-motion-related artifacts to an extent that no significant
difference in measurements of HU or iodine concentrations between artifacts and unaffected
liver parenchyma was detectable.

These strikingly different findings for different DECT implementations likely result
from different gantry geometry in different DECT scanner models. Dual-source and twin-
beam models acquire the high- and low-kVp datasets at dissimilar gantry positions [19].
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Consequently, visceral-motion-related artifacts appear in different positions on the high-
versus low-kVp datasets [29]. As the 120-kVp-like images are a blended mix of the high- and
low-kVp datasets, bright and dark visceral-motion-related artifact components cancel each
other out (see Figure 5). Conversely, for fast kV-switching scanners and dual-layer spectral
detector scanners, there is close or perfect geometric alignment and temporal resolution of
high- and low-kVp datasets [19,29]. Therefore, visceral-motion-related artifacts on these
scanners have a very similar configuration of bright and dark components on the high- and
low-kVp datasets. Blending high- and low-kVp datasets to reduce artifacts is not efficient
in these scanner models. However, because visceral-motion-related artifacts affect the high-
and low-kVp datasets to a similar degree, and iodine images depict voxels with a relatively
large decrease in HU between low-kVp and high-kVp images, visceral-motion-related
artifacts are substantially reduced in iodine images [9,13,29].
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Figure 5. Visceral-motion-related artifact (arrows) appearance on images with (A,D) low X-ray
photon energy and (B,E) high X-ray photon energy acquired with a dual-source (top row) and
dual-layer spectral detector (bottom row) DECT scanner. As hyperdense artifact components on
(A) low-energy dual-source images appear hypodense on (B) high-energy dual-source images, and
vice versa, visceral-motion-related artifacts are substantially reduced on (C) blended 120-kVp-like
dual-source images. As hyperdense artifact components on (D) low-energy dual-layer spectral
detector images remain hyperdense on (E) high-energy dual-layer spectral detector images, and vice
versa, visceral-motion-related artifacts are substantially reduced on (F) iodine dual-layer spectral
detector images.

Our results are in line with previous studies evaluating visceral-motion-related artifact
reduction in DECT image reconstructions. Winklhofer et al. showed in DECT scans of a
bowel peristalsis phantom model and 100 patients acquired on a fast kV-switching scanner
that general visceral-motion-related artifacts were substantially reduced in iodine images
compared to 70-keV, 120-keV, and VNC images (p < 0.001, each) [7]. However, this study
did not compare different DECT scanner models and did not further investigate the effects
of visceral-motion-related artifacts on the liver, other than frequency [7]. In a phantom
study Obmann et al. assessed the influence of different DECT scanner models on the
severity of visceral-motion-related artifacts in 120-kVp-like and iodine images using a
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qualitative three-point score [29]. It was shown that visceral-motion-related artifacts were
perceived as least severe in iodine images for fast kV-switching and dual-layer spectral
detector scanners, and in 120-kVp-like images for dual-source and twin-beam scanners [29].
Our study adds to the field by evaluating the influence of different DECT scanner models
on the severity of visceral-motion-related artifacts on the liver in actual clinical DECT scans
of 458 consecutive patients. In addition to qualitative five-point artifact scores based on
oncologic liver evaluation, we also obtained quantitative measurements of visceral-motion-
related artifacts on the liver. Besides 120-kVp and iodine images, monoenergetic low- and
high-keV images as well as VNC images were also assessed for the four commonly used
DECT models.

Our study has limitations. As the appearances of the monoenergetic, VNC, and iodine
images are very characteristic, effective blinding of the readers to the different image
reconstructions was not possible. The four DECT techniques were not employed among
the same patients, since routine clinical DECT scans were evaluated. In order to obtain
the maximum effect of low-keV monoenergetic reconstructions on visceral-motion-related
artifacts, monoenergetic 40-keV images were evaluated instead of more commonly used
50-keV images. Diagnostic accuracy of liver lesion detection was not assessed, as our study
population did not contain a sufficient number of liver lesions masked by visceral-motion-
related artifacts.

In conclusion, visceral-motion-related artifacts on the liver can be substantially re-
duced by viewing 120-kVp-like images for dual-source and twin-beam DECT scanners,
and iodine images for fast kV-switching and dual-layer spectral detector DECT scanners.
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only. Table S2: Quantitative measurements of visceral-motion-related artifacts on the liver of Reader
B only.

Author Contributions: Conceptualization, S.G. and B.M.Y.; methodology, S.G. and B.M.Y.; formal
analysis, S.G. and B.M.Y.; investigation, S.G., K.V., M.M.O., M.D.S. and B.M.Y.; writing—original
draft preparation, S.G.; writing—review and editing, K.V., Z.J.W., M.M.O., M.D.S., Y.S. and B.M.Y.;
visualization, S.G.; supervision, Z.J.W. and B.M.Y.; project administration, Y.S.; funding acquisition,
B.M.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This study has received funding by a grant from the National Institutes of Health (Award
Number: R01CA226868) and Philips Healthcare, Cleveland, OH, USA. The content is solely the
responsibility of the authors, and does not necessarily represent the official views of the funders. The
funders had no role in the study design, data collection, data analyses, data interpretation, manuscript
writing, or in the decision to publish these results.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board of the University of
California, San Francisco (IRB #: 12-10492 Reference #: 286873, Approval Date: 7 August 2020).

Informed Consent Statement: Patient consent was waived by the Institutional Review Board because
the research is no more than minimal risk to subjects, could not practicably be conducted without the
waiver, could not practicably be conducted without identifiable information, will not adversely affect
rights and welfare of subjects with the waiver, and will provide subjects with additional pertinent
information after participation, whenever it is appropriate. The waiver of informed consent applies
to all subjects.

Data Availability Statement: Data are available upon reasonable request. Requests should be sent
to the corresponding author and are subject to approval.

https://www.mdpi.com/article/10.3390/diagnostics12092155/s1
https://www.mdpi.com/article/10.3390/diagnostics12092155/s1


Diagnostics 2022, 12, 2155 12 of 13

Conflicts of Interest: The authors of this manuscript declare no relationships with any companies
whose products or services may be related to the subject matter of the article.

Abbreviations

Computed tomography (CT), DECT (Dual-energy computed tomography), HU (Hounsfield
Units), intraclass correlation coefficients (ICC), regions of interest (ROI), standard deviation
(SD), virtual non-contrast (VNC).

References
1. Barrett, J.F.; Keat, N. Artifacts in CT: Recognition and avoidance. Radiographics 2004, 24, 1679–1691. [CrossRef] [PubMed]
2. Shah, R.; Khoram, R.; Lambert, J.W.; Sun, Y.; Wang, Z.J.; Webb, E.M.; Yeh, B.M. Effect of gantry rotation speed and scan mode on

peristalsis motion artifact frequency and severity at abdominal CT. Abdom. Radiol. 2018, 43, 2239–2245. [CrossRef] [PubMed]
3. Wilting, J.E.; Timmer, J. Artefacts in spiral-CT images and their relation to pitch and subject morphology. Eur. Radiol. 1999, 9,

316–322. [CrossRef] [PubMed]
4. Hsieh, J. Computed Tomography: Principles, Design, Artifacts, and Recent Advances; SPIE Press: Bellingham, WA, USA, 2003;

Volume 114.
5. Bamberg, F.; Dierks, A.; Nikolaou, K.; Reiser, M.F.; Becker, C.R.; Johnson, T.R. Metal artifact reduction by dual energy computed

tomography using monoenergetic extrapolation. Eur. Radiol. 2011, 21, 1424–1429. [CrossRef] [PubMed]
6. Liu, F.; Cuevas, C.; Moss, A.A.; Kolokythas, O.; Dubinsky, T.J.; Kinahan, P.E. Gas bubble motion artifact in MDCT. AJR Am. J.

Roentgenol. 2008, 190, 294–299. [CrossRef]
7. Winklhofer, S.; Lambert, J.W.; Wang, Z.J.; Sun, Y.; Gould, R.G.; Zagoria, R.J.; Yeh, B.M. Reduction of peristalsis-related gastroin-

testinal streak artifacts with dual-energy CT: A patient and phantom study. Abdom. Radiol. 2016, 41, 1456–1465. [CrossRef]
8. Partanen, K.; Kormano, M. Streak artifacts in dynamic CT. A phantom study of the anterior upper abdomen. Acta Radiol. Diagn.

1984, 25, 285–288. [CrossRef]
9. Grosu, S.; Wang, Z.J.; Obmann, M.M.; Sugi, M.D.; Sun, Y.; Yeh, B.M. Reduction of Peristalsis-Related Streak Artifacts on the Liver

with Dual-Layer Spectral CT. Diagnostics 2022, 12, 782. [CrossRef]
10. Takayanagi, T.; Suzuki, S.; Katada, Y.; Ishikawa, T.; Fukui, R.; Yamamoto, Y.; Abe, O. Comparison of Motion Artifacts on CT Images

Obtained in the Ultrafast Scan Mode and Conventional Scan Mode for Unconscious Patients in the Emergency Department. AJR
Am. J. Roentgenol. 2019, 213, W153–W161. [CrossRef]

11. Fleischmann, D.; Boas, F.E. Computed tomography—Old ideas and new technology. Eur. Radiol. 2011, 21, 510–517. [CrossRef]
12. McCollough, C.H.; Leng, S.; Yu, L.; Fletcher, J.G. Dual- and Multi-Energy CT: Principles, Technical Approaches, and Clinical

Applications. Radiology 2015, 276, 637–653. [CrossRef]
13. Yeh, B.M.; Obmann, M.M.; Westphalen, A.C.; Ohliger, M.A.; Yee, J.; Sun, Y.; Wang, Z.J. Dual Energy Computed Tomography

Scans of the Bowel: Benefits, Pitfalls, and Future Directions. Radiol. Clin. N. Am. 2018, 56, 805–819. [CrossRef]
14. Mileto, A.; Ananthakrishnan, L.; Morgan, D.E.; Yeh, B.M.; Marin, D.; Kambadakone, A.R. Clinical Implementation of Dual-Energy

CT for Gastrointestinal Imaging. AJR Am. J. Roentgenol. 2021, 217, 651–663. [CrossRef] [PubMed]
15. Megibow, A.J.; Sahani, D. Best practice: Implementation and use of abdominal dual-energy CT in routine patient care. AJR Am. J.

Roentgenol. 2012, 199, S71–S77. [CrossRef] [PubMed]
16. Große Hokamp, N.; Salem, J.; Hesse, A.; Holz, J.A.; Ritter, M.; Heidenreich, A.; Maintz, D.; Haneder, S. Low-Dose Characterization

of Kidney Stones Using Spectral Detector Computed Tomography: An Ex Vivo Study. Investig. Radiol. 2018, 53, 457–462.
[CrossRef] [PubMed]

17. Luo, X.F.; Xie, X.Q.; Cheng, S.; Yang, Y.; Yan, J.; Zhang, H.; Chai, W.M.; Schmidt, B.; Yan, F.H. Dual-Energy CT for Patients
Suspected of Having Liver Iron Overload: Can Virtual Iron Content Imaging Accurately Quantify Liver Iron Content? Radiology
2015, 277, 95–103. [CrossRef]

18. McCollough, C.H.; Boedeker, K.; Cody, D.; Duan, X.; Flohr, T.; Halliburton, S.S.; Hsieh, J.; Layman, R.R.; Pelc, N.J. Principles and
applications of multienergy CT: Report of AAPM Task Group 291. Med. Phys. 2020, 47, e881–e912. [CrossRef]

19. Rajiah, P.; Parakh, A.; Kay, F.; Baruah, D.; Kambadakone, A.R.; Leng, S. Update on Multienergy CT: Physics, Principles, and
Applications. Radiographics 2020, 40, 1284–1308. [CrossRef]

20. Große Hokamp, N.; Höink, A.J.; Doerner, J.; Jordan, D.W.; Pahn, G.; Persigehl, T.; Maintz, D.; Haneder, S. Assessment of arterially
hyper-enhancing liver lesions using virtual monoenergetic images from spectral detector CT: Phantom and patient experience.
Abdom. Radiol. 2018, 43, 2066–2074. [CrossRef]

21. Yoon, J.H.; Chang, W.; Lee, E.S.; Lee, S.M.; Lee, J.M. Double Low-Dose Dual-Energy Liver CT in Patients at High-Risk of HCC: A
Prospective, Randomized, Single-Center Study. Investig. Radiol. 2020, 55, 340–348. [CrossRef]

22. Caruso, D.; De Cecco, C.N.; Schoepf, U.J.; Schaefer, A.R.; Leland, P.W.; Johnson, D.; Laghi, A.; Hardie, A.D. Can dual-energy
computed tomography improve visualization of hypoenhancing liver lesions in portal venous phase? Assessment of advanced
image-based virtual monoenergetic images. Clin. Imaging 2017, 41, 118–124. [CrossRef] [PubMed]

http://doi.org/10.1148/rg.246045065
http://www.ncbi.nlm.nih.gov/pubmed/15537976
http://doi.org/10.1007/s00261-018-1497-0
http://www.ncbi.nlm.nih.gov/pubmed/29450609
http://doi.org/10.1007/s003300050673
http://www.ncbi.nlm.nih.gov/pubmed/10101656
http://doi.org/10.1007/s00330-011-2062-1
http://www.ncbi.nlm.nih.gov/pubmed/21249370
http://doi.org/10.2214/AJR.07.2702
http://doi.org/10.1007/s00261-016-0702-2
http://doi.org/10.1177/028418518402500408
http://doi.org/10.3390/diagnostics12040782
http://doi.org/10.2214/AJR.19.21456
http://doi.org/10.1007/s00330-011-2056-z
http://doi.org/10.1148/radiol.2015142631
http://doi.org/10.1016/j.rcl.2018.05.002
http://doi.org/10.2214/AJR.20.25093
http://www.ncbi.nlm.nih.gov/pubmed/33377415
http://doi.org/10.2214/AJR.12.9074
http://www.ncbi.nlm.nih.gov/pubmed/23097170
http://doi.org/10.1097/RLI.0000000000000468
http://www.ncbi.nlm.nih.gov/pubmed/29596080
http://doi.org/10.1148/radiol.2015141856
http://doi.org/10.1002/mp.14157
http://doi.org/10.1148/rg.2020200038
http://doi.org/10.1007/s00261-017-1411-1
http://doi.org/10.1097/RLI.0000000000000643
http://doi.org/10.1016/j.clinimag.2016.10.015
http://www.ncbi.nlm.nih.gov/pubmed/27840263


Diagnostics 2022, 12, 2155 13 of 13

23. Muenzel, D.; Lo, G.C.; Yu, H.S.; Parakh, A.; Patino, M.; Kambadakone, A.; Rummeny, E.J.; Sahani, D.V. Material density iodine
images in dual-energy CT: Detection and characterization of hypervascular liver lesions compared to magnetic resonance imaging.
Eur. J. Radiol. 2017, 95, 300–306. [CrossRef] [PubMed]

24. Patel, B.N.; Rosenberg, M.; Vernuccio, F.; Ramirez-Giraldo, J.C.; Nelson, R.; Farjat, A.; Marin, D. Characterization of Small
Incidental Indeterminate Hypoattenuating Hepatic Lesions: Added Value of Single-Phase Contrast-Enhanced Dual-Energy CT
Material Attenuation Analysis. AJR Am. J. Roentgenol. 2018, 211, 571–579. [CrossRef]

25. Yang, C.B.; Zhang, S.; Jia, Y.J.; Yu, Y.; Duan, H.F.; Zhang, X.R.; Ma, G.M.; Ren, C.; Yu, N. Dual energy spectral CT imaging for the
evaluation of small hepatocellular carcinoma microvascular invasion. Eur. J. Radiol. 2017, 95, 222–227. [CrossRef]

26. Landis, J.R.; Koch, G.G. The measurement of observer agreement for categorical data. Biometrics 1977, 33, 159–174. [CrossRef]
[PubMed]

27. Fisher, R.A. Statistical Methods for Research Workers; Oliver and Boyd: Edinburgh, UK, 1954.
28. Koo, T.K.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J. Chiropr.

Med. 2016, 15, 155–163. [CrossRef] [PubMed]
29. Obmann, M.M.; Sun, Y.; An, C.; Ohliger, M.A.; Wang, Z.J.; Yeh, B.M. Bowel Peristalsis Artifact on Dual-Energy CT: In-Vitro Study

of the Influence of Different Dual-Energy CT Platforms and Enteric Contrast Agents. AJR Am. J. Roentgenol. 2022, 218, 290–299.
[CrossRef]

http://doi.org/10.1016/j.ejrad.2017.08.035
http://www.ncbi.nlm.nih.gov/pubmed/28987684
http://doi.org/10.2214/AJR.17.19170
http://doi.org/10.1016/j.ejrad.2017.08.022
http://doi.org/10.2307/2529310
http://www.ncbi.nlm.nih.gov/pubmed/843571
http://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
http://doi.org/10.2214/AJR.21.26345

	Introduction 
	Materials and Methods 
	Study Population 
	CT Image Acquisition 
	Image Analysis 
	Quantitative Visceral-Motion-Related Artifact Evaluation 
	Qualitative Visceral-Motion-Related Artifact Evaluation 
	Statistical Analysis 

	Results 
	Study Population 
	Quantitative Visceral-Motion-Related Artifact Evaluation 
	Qualitative Visceral-Motion-Related Artifact Evaluation 

	Discussion 
	References

