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Abstract: To quantitatively evaluate the possible advantages of quantifying and differentiating var-
ious soft tissues using virtual monochromatic images (VMI) derived from different dual-energy
computed tomography (DECT) technologies. This study involved four DECT scanners with different
technologies. CIRS phantom images were acquired in single-energy (SECT) and DECT modes with
each scanner. The analysis focused on five equivalent soft-tissue inserts: adipose, breast, liver, muscle,
and bone (200 mg). The signal-to-noise ratio (SNR) was calculated for each equivalent soft-tissue
insert. Finally, the contrasts of tissue pairs between DECT and SECT images were compared using
Wilcoxon signed-rank tests adjusted for multiple comparisons. Average CT numbers and noise
showed a significant difference pattern between DECT with respect to SECT for each CT scanner.
Generally, energy levels of 70 keV or higher led to improved SNR in VMI for most of the equivalent
soft-tissue inserts. However, energy levels of 40–50 keV showed significantly higher contrasts in most
of the equivalent soft-tissue insert pairs. DECT images at low energies, especially at 40–50 keV, outper-
form SECT images in discriminating soft tissues across all four DECT technologies. The combined use
of DECT images reconstructed at different energy levels provides a more comprehensive set of infor-
mation for diagnostic and/or radiotherapy evaluation compared to SECT. Some differences between
scanners are evident, depending on the DECT acquisition technique and reconstruction method.

Keywords: dual-energy CT; soft tissue; SNR; virtual monochromatic imaging

1. Introduction

Computed tomography (CT) plays an important role in quantitative imaging research.
However, materials with different elementary compositions can be represented by very
similar CT numbers, hindering the differentiation and classification of biological tissues.

These difficulties are due to the similar linear attenuation coefficient, which depends
on various factors such as the atomic composition of the material and photon energy.
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In the diagnostic energy range (up to 150 keV), the attenuation of X-rays is dominated
by two physical processes, the photoelectric effect and the Compton effect. The relative
probability of photoelectric absorption is approximately proportional to Z3/E3, where Z
is the atomic number and E is the energy of the incident photon. The relative probability
of a Compton interaction increases, compared to photoelectric absorption, as the photon
energy increases and is approximately proportional to the Z of the material. The attenuation
coefficient is approximately a linear combination of these two probabilities. Two different
materials that show a similar attenuation coefficient (which is not unique for any given
material) on images acquired with one energy spectrum, may show substantial differences
in their attenuation on the images acquired with two different spectra and, hence, may be
easily differentiated [1,2].

Dual-energy computed tomography (DECT) is a valuable technique that utilizes
the dependence of the attenuation coefficient on photon energy to provide additional
quantitative and qualitative information about material composition. It uses two different
X-ray spectra to acquire two datasets of the same anatomic region, allowing analysis of
energy-dependent changes in the attenuation of different materials. This has led to a
transition from CT attenuation-based imaging to material-specific or spectral imaging that
provides specific information about the composition of materials [3].

Clinical applications of DECT have become possible thanks to the overcoming of some
technical issues, such as X-ray spectra generation time, difficulties in X-ray tube cooling, and
management of the resulting data amount [4,5]. Today, five DECT diagnostic techniques
are commercially available, based on single or double X-ray sources, dual detectors, or
dual beam filters, depending on the manufacturer: sequential scans, fast kVp-switching,
dual-layer detector, split filter, and dual source.

One of the earliest and simplest DECT systems was based on the sequential acquisition
of high- and low-energy data by performing two consecutive scans with different tube
potentials. This DECT mode can be obtained with any CT scanner since it does not require
special hardware.

A DECT scanner equipped with fast kVp-switching acquires data with high- and low-
energy spectra by modulating the X-ray generator voltage from low to high kVp between
alternating projections.

When a dual-layer detector is present, the spectra energy separation is obtained by the
detector itself and does not rely on different energies generated by the source. The detector
configuration consists of two layers, one on top of another. The top layer preferentially
absorbs lower-energy photons, while the bottom one absorbs the remaining photons with
higher energy. This configuration takes advantage of the polychromatic nature of the X-ray
beam and the fact that detector sensitivities are optimized for different energies.

A split-filter DECT consists of a single source–detector combination, and spectral
separation is achieved by two filters of different materials that change the beam quality
along the bed movement direction. The corresponding halves of the detector are then used
for the detection of the low- and high-energy spectra.

A dual-source DECT consists of two perpendicular source-detector combinations,
allowing for scanning the same volume simultaneously with high- and low-energy spectra.
Each X-ray tube has its own high-voltage generator, allowing independent control of both
kVp and tube current.

Several studies on phantoms and patients have evaluated the effect of the technical
differences of the DECT platforms on spectral separation and performance [6–15].

Data resulting from the low- and high-energy acquisitions can be combined in multi-
ple ways to produce images suitable for diagnostic radiology or radiotherapy treatment
planning, encouraging the use of DECT imaging in clinical practice. It has been demon-
strated that the virtual monochromatic images (VMI) reconstructed at energies greater than
100 keV allow for reducing beam hardening, scatter, and metal artifacts with respect to
SECT imaging [16,17]. Moreover, VMI may even present a better quality as compared to a
standard CT acquired at the same dose; when the optimal energy is selected, a better visu-
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alization of contrast-enhanced tissues and noise reduction can be obtained [18–22]. DECT
data may also be used for the classification of materials [23,24]. The possibility to obtain
the effective atomic number (Zeff) and electron density (ρel) maps of tissues yields a more
precise dose calculation with protons and photons in radiotherapy [25,26]. Finally, DECT
may be employed for the virtual suppression of the contrast medium to visualize which im-
age regions were enhanced and how they would appear without iodine or, alternatively, to
create maps reflecting the iodine distribution in tissues. The virtual non-contrast-enhanced
DECT imaging is useful for a more accurate dose calculation in radiotherapy treatment
planning to avoid the tissue composition manual attribution needed in iodine-enhanced
structures [8,27,28].

Although several studies explored the potential of DECT images in diagnostic radi-
ology for improving tasks such as iodine quantification and material differentiation, few
have focused on the quantitative and qualitative assessment among different technologies.
The aim of this study was to quantitatively investigate the advantages of VMI in differ-
entiating various soft tissues compared to single-energy CT images (SECT), considering
four CT scanners each representing a different DECT technology. We specifically aimed to
find the optimal energy of VMI to differentiate soft tissues of multiple anatomical regions
(e.g., breast, abdomen, and pelvis) with similar densities (from 0.96 g/cm3 of adipose
to 1.16 g/cm3 of trabecular bone) across DECT technologies. Finally, an evaluation was
conducted on the performance differences among the various scanners.

2. Materials and Methods

SECT and DECT images of the same phantom were acquired using four different CT
scanners equipped with different DECT technologies. Details on phantom, CT scanners, ac-
quisition and reconstruction protocols, and analysis are provided in the following paragraphs.

2.1. Phantom

The CIRS Electron Density Phantom (Model 062M) containing different equivalent
tissue inserts was used in a configuration for simulating the body sites. The same phantom
in the same configuration was used at the four sites (Figure 1). The phantom has an elliptical
section of 33 cm width, 27 cm height, and 5 cm thickness and simulates an abdominal
section (density of 1.029 g/cm3) [29]. It contains 16 holes that were filled with rod-shaped
interchangeable equivalent tissue inserts (a pair for each of the following: breast, adipose,
bone 200 mg, lung exhale, lung inhale, muscle, liver, and bone 800 mg). Standard elemental
composition and density of the various inserts were provided together with the phantom
by the manufacturer.
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2.2. CT Scanners and Acquisition Protocols

The phantom images were acquired with four different CT scanners: Siemens So-
matom Confidence, Siemens Somatom Force, Siemens Somatom Definition Edge, and GE
Revolution GSI. Each of these CT scanners represents different DECT technologies.

• The Siemens Somatom Confidence scanner is a single source-detector system that
performs the dual-energy acquisition by two sequential scans of the entire volume at
80 and 140 kVp. The advantage of this approach is that no hardware modification is
required. This scanner is equipped with an ultrafast ceramic (UFC) detector [30];

• The Siemens Somatom Force DECT is equipped with a dual-source–dual-detector
configuration. This configuration enables optimization of the separation of the low-
and high-energy spectra (80 or 100 kV and 140 kVp or 150 kVp generally), with also
the addition of tin filters. This scanner is equipped with the Stellar Detector, which
reduces the electronic noise during image acquisition [31,32];

• The Siemens Somatom Definition Edge uses the split-filter technology, achieving
spectral separation by using two filters of tin and gold. Also, this scanner is equipped
with the Stellar detector;

• The GE Revolution GSI scanner is based on the concept of rapid kVp-switching. This
technology is realized due to a high performance generator capable of very rapid
transitions in tube potential (between 80 and 140 kVp) and a fast-sampling scintillator
detector with very low afterglow (Gemstone [6]).

The acquisition parameters are summarized in Table 1. Images were first acquired in
SECT mode at 120 kVp. The tube current (without automatic tube current modulation) was
adjusted to have a similar Volume CT Dose Index (CTDIvol) across CT scanners. A good
agreement (10 ± 4%) between displayed and measured values of CTDIvol was obtained
on all CT scanners using calibrated pencil chambers [33]. All scanners operated in helical
mode (pitch 0.95). Then, the images were acquired in DECT mode while maintaining the
settings and the dose level as similar as possible to SECT. The use of the same settings
was not always possible. For example, the twin-beam DECT mode required a lower
pitch (0.25) due to the halved beam used to acquire low- and high-energy images. To
test repeatability and obtain sufficient statistical power for the subsequent analyses, CT
scans of the phantom were repeated six times for each protocol and for both the SECT and
DECT images modes on the same day for each CT scanner, taking care to reposition the
phantom between one scan and the next. Both SECT and DECT images were reconstructed
through filtered back-projection (FBP) and iterative algorithms. The iterative algorithms
available on the various scanners were SAFIRE on Siemens Confidence, ADMIRE on
Siemens Force and Edge, and ASIR on GE Revolution GSI [34–36]. A medium strength
of three was used with SAFIRE and ADMIRE, while a percentage of 30% was used with
ASIR (standard values used in clinical practice). Medium smooth kernels typical of the
various scanner models were used to reconstruct the various SECT and DECT images. The
FOV of the abdominal clinical protocol was used (50 cm). A matrix of 512 × 512 was used.
Moreover, FBP and iterative DECT images were reconstructed at different VMI energies
available on the various scanners (40, 50, 70, 100, 120, and 140 keV). DECT images were
reconstructed with Monoenergetic plus (Siemens, image domain) and GSI (GE, projection
domain) algorithms [37–39].

Table 1. SECT and DECT scan protocols used for phantom acquisitions.

SECT
PROTOCOL

GE
Revolution GSI Siemens Confidence Siemens

Edge
Siemens

Force

kVp 120 120 120 120
mAs 380 380 380 380

Rotation time (s) 1 1 1 1
Collimation (mm) 20 × 1.25 16 × 1.2 32 × 1.2 96 × 0.6

FOV (cm) 50 50 50 50
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Table 1. Cont.

SECT
PROTOCOL

GE
Revolution GSI Siemens Confidence Siemens

Edge
Siemens

Force

Pitch 0.96 0.95 0.95 0.95
Slice Thickness (mm) 1.25 1.50 1.50 1.50

Reconstruction algorithm (strength) FBP,
ASIR (30%)

FBP,
SAFIRE (3)

FBP,
ADMIRE (3)

FBP,
ADMIRE (3)

Reconstruction kernel Medium smooth B30 Br40 Br40
CTDIvol (mGy) 34 31 30 35

DECT PROTOCOL GE
Revolution GSI Siemens Confidence Siemens

Edge
Siemens

Force
DECT technique kVp switching sequential scan split filter dual source

kVp 80–140 80–140 120 80–140
Added filter No No Au, Sn No

mAs 600 600–142 1450 600–109
Rotation time (s) 1 1 1 1

Collimation (mm) 20 × 1.25 16 × 1.2 64 × 0.6 96 × 0.6
FOV (cm) 50 50 50 50

Pitch 0.96 0.95 0.25 0.95
Slice Thickness (mm) 1.25 1.50 1.00 1.50

Reconstruction algorithm (strength) FBP,
ASIR (30%)

FBP,
SAFIRE (3)

FBP,
ADMIRE (3)

FBP,
ADMIRE (3)

Reconstruction kernel Medium smooth D30 Qr40 Qr40
VMI energy 40–140 keV 40–140 keV 40–140 keV 40–140 keV

CTDIvol (mGy) 36 31 31 32

Abbreviations: SECT = single-energy CT, FOV = field of view, FBP = filtered back projection, DECT = dual-energy CT.

2.3. Image Analysis and Statistics

Images were analyzed using an in-house MATLAB R2018a script (MathWorks, Natick,
MA, USA). Once the central slice was identified along the longitudinal axis, a threshold
mask of the phantom was created and its center was identified. A set of regions of interest
(ROIs) of 10 mm diameter was placed at known distances from the phantom center in cor-
respondence with the various equivalent soft-tissue inserts (30 mm diameter), sufficiently
inside the outer edges to avoid the blurring effect on the boundaries. Mean values and
standard deviations (SD) of CT numbers were extracted from each ROI on nine consecutive
central slices (i.e., the central slice, plus the first four slices above and the first four slices
below the central slice along the longitudinal axis). Data extraction was performed for each
VMI reconstruction, each of the six acquisitions, and each of the nine slices. We calculated
that, with six acquisitions and nine slices (therefore a total of 54 measurements for each
equivalent soft-tissue insert), we reached a statistical power of 80% to detect significant dif-
ferences assuming to observe a “medium” effect size d = 0.4 and setting the probability of a
type-I error to 5%. To confirm the consistency of the measurements, a repeatability analysis
was performed. The methods and results of this part can be viewed in Supplementary
Section S1 and Supplementary Table S1.

As a first analysis, the accuracy of the CT numbers (CTm) measured on VMI at different
energies was assessed. The elemental compositions of the soft-tissue (accuracy of 1%
certified by the manufacturer) inserts were entered in the NIST XCOM online database [40]
to determine the mass attenuation coefficients in the range of 40–140 keV.

The mass attenuation coefficients were then multiplied by the mass densities to de-
termine the linear attenuation coefficients. A density of 0.9982 ± 0.002 g/cm3 was used
for water at 20 ◦C. Next, the nominal CT numbers (CTNIST) corresponding to the vari-
ous inserts were calculated using the definition of the Hounsfield Unit (HU). The CTm
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and CTNIST were finally compared, and the root mean square errors (RMSE [41]) were
calculated as:

RMSE =

√√√√ N

∑
i,j

(
CTm i,j − CTNIST

)2

N

where the indices i and j represent acquisitions (6) and slices (9), respectively, and N is the
total number of measurements for each type of insert (2 × 6 × 9 = 108).

Next, the signal-to-noise ratio (SNR) was calculated as the ratio between the mean
value and the standard deviation measured for each equivalent soft-tissue insert (adipose,
breast, liver, muscle, and bone 200 mg). For each CT scanner, an SNR comparison between
DECT (at different energies) and SECT images was evaluated separately with the Wilcoxon
signed-rank test, pooling together all insert measurements (at the level of the individual
slice) obtained from SECT images paired with the corresponding ones reconstructed at
different energy levels from the DECT images. The Bonferroni procedure was used to
adjust for multiple comparisons performed within each CT scanner.

Finally, differences between SECT and multiple levels of DECT energies in discrim-
inating all pairwise combinations of equivalent soft-tissue phantom inserts (adipose vs.
breast, adipose vs. muscle, adipose vs. liver, breast vs. bone 200 mg, and muscle vs. liver)
were evaluated using Wilcoxon signed-rank tests, pairing the inserts as in the previous
analysis, and adjusting for multiple comparisons over all tests with the Bonferroni method.

Statistical significance was set at p < 0.05. Statistical analyses were performed using
R software (version 3.6.0). A repeatability analysis was conducted using the “metafor” R
package (version 3.0-2).

3. Results

To explore the relationship between the average CT numbers and noise across all
acquisitions and the VMI energy levels, a preliminary qualitative analysis was performed
for each insert (Figures 2 and 3). This analysis showed a marked difference between
the DECT and SECT images, particularly at 40 and 50 keV, for the inserts that simulated
soft tissues.
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As the results obtained from FBP and iterative reconstruction algorithms were compa-
rable and led to the same conclusions, only the results obtained through FBP are reported in
the following paragraphs. The results obtained through iterative reconstruction algorithms
are reported in the Supplementary Materials.

3.1. CT Number Accuracy

Table 2 shows the RMSE between CTm and CTNIST for the soft-tissue inserts ob-
tained from all acquisitions and reconstructions from 40 to 140 keV and FBP. Regardless
of the DECT acquisition mode, the RMSE ranged from 1.0 HU to 170.8 HU across energy
reconstructions. A higher RMSE was generally observed with 40 keV reconstruction for
all inserts, the highest of all for the bone 200 mg insert (from 97.8 HU to 170.8 HU). RMSE
tended to decrease (up to 94%) with increasing the VMI energy from 40 keV to 140 keV,
with the exceptions of breast tissue acquired with Siemens Edge, for which the RMSE was
almost constant (11.8 HU on average), as well as of muscle and liver tissues acquired with
Siemens Confidence (RMSE of 3.8 HU and 5.9 HU on average, respectively).

Table 2. RMSE obtained with FBP reconstructions. The values reported are averaged over all
acquisitions and slices.

Tissue and Energy
RMSE (HU)

Siemens
Confidence

Siemens
Force

Siemens
Edge

GE
Revolution GSI

Adipose

40 keV 14.7 26.7 14.3 5.2

50 keV 4.7 17.2 10.9 2.5

70 keV 1.3 8.6 3.2 2.2

100 keV 1.3 5.5 3.2 1.5

120 keV 1.0 5.4 5.3 1.1

140 keV 1.1 5.4 6.0 1.1

Breast

40 keV 21.9 26.6 14.1 19.0

50 keV 13.1 17.5 6.3 10.9

70 keV 8.6 13.0 6.0 7.0

100 keV 7.3 11.9 12.9 6.3

120 keV 7.3 11.0 15.2 6.3

140 keV 7.1 12.1 16.1 6.0

Muscle

40 keV 4.4 21.7 17.5 14.0

50 keV 2.9 15.8 9.2 7.3

70 keV 3.5 10.4 1.4 1.8

100 keV 4.1 7.1 4.8 2.1

120 keV 4.3 6.3 6.0 2.7

140 keV 3.8 5.4 6.0 3.8

Liver

40 keV 5.1 10.9 14.8 22.5

50 keV 5.0 9.6 8.2 13.8

70 keV 6.3 9.6 6.6 6.3

100 keV 6.5 8.9 8.8 3.8

120 keV 6.5 8.7 9.6 2.8

140 keV 5.9 7.9 9.4 1.9
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Table 2. Cont.

Tissue and Energy
RMSE (HU)

Siemens
Confidence

Siemens
Force

Siemens
Edge

GE
Revolution GSI

Bone 200 mg

40 keV 170.8 128.9 97.8 161.4

50 keV 89.6 72.5 47.1 87.2

70 keV 31.6 38.8 19.1 42.4

100 keV 13.9 34.0 16.9 29.1

120 keV 10.8 36.4 18.0 27.1

140 keV 10.4 34.7 19.9 27.7
Abbreviations: RMSE = root mean square error, FBP = filtered back projection.

With soft-tissue inserts, Siemens Confidence and Revolution GSI CT scanners showed
the highest accuracy of HU, with the lowest RMSE (average values of 6.2 HU, range HU,
and 6.3 HU, range [1.1–22.5] HU, respectively), followed by Siemens Edge (9.0 HU, range
[1.4–17.5] HU) and Siemens Force (11.8 HU, range [5.4–26.7] HU). With bone material,
Siemens Edge showed the best accuracy (average RMSE of 36.5 HU, range [16.9–97.8]
HU), followed by Siemens Confidence (54.5 HU, range [10.4–170.8] HU), Siemens Force
(57.5 HU, range [34.7–128.9] HU) and GE Revolution GSI (62.5 HU, range [27.1–161.4] HU).
Subtle differences were observed using iterative reconstructions with respect to FBP (see
Supplementary Table S2).

3.2. Comparison of Signal and Noise between DECT and SECT Images within the Same CT Scanner

The comparison of the average signal and noise between the SECT images and each
energy level of the DECT images using the FBP reconstruction method is illustrated in
Figures 2 and 3. The results show that each DECT image had a specific pattern of significant
difference with respect to SECT images.

The signal shows similar values of the DECT images with respect to the SECT images
in all cases except for Siemens EDGE CT. In Figure 3, it is noticeable that, particularly for
the muscle and liver inserts, for the Siemens EDGE CT there is a trend opposite to what
occurs in other technologies. On the other hand, the noise for the Revolution, Siemens Edge,
and Siemens Confidence was higher at low energy (40–50 keV). While at high energies,
Revolution has lower noise compared to Siemens technologies for all inserts.

Finally, the SNR has been calculated (Supplementary Figure S1). Similar results were
obtained considering the SNR values computed from the images reconstructed using the
iterative algorithms, but with absolute values higher than those obtained with FBP due to
the lower noise (see Supplementary Figure S2).

3.3. Discrimination of Soft Tissues with DECT Images and SECT Images at Low Energy Levels

The differences between the SECT and DECT images in discriminating all pairwise
combinations of the five equivalent soft-tissue phantom inserts were investigated focusing
on the 40, 50, and 70 keV.

Table 3 reports the most clinically relevant comparisons, whereas the other compar-
isons are reported in Supplementary Table S3.

The results were quite similar for the different CT scanners. In particular, the adi-
pose insert was better discriminated from breast, muscle, and liver using DECT images at
40 keV rather than SECT images. The same occurred for the comparison between breast and
bone 200 mg. By contrast, for the comparison between muscle and liver, DECT had similar
performances to SECT images at every energy. Of note, a general trend of progressive decrease
in the differences was observed between DECT and SECT images for each tissue pairwise
comparison as the energy increased from 40 to 70 keV. Similar results were obtained when the
iterative reconstruction algorithms were used (see Supplementary Table S4).
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Table 3. Mean CT number difference (with unadjusted 95% confidence interval) between each of
three low energy levels (40, 50, and 70 keV) of DECT with respect to SECT of the most clinically
relevant pairwise comparison of five tissue-equivalent inserts for four CT scanners using the FBP
reconstruction method. Bold numbers indicate differences between DECT and SECT with statistical
significance (p-value < 0.05/30 after multiple comparison correction with the Bonferroni procedure).

Tissue
Comparison

DECT Level vs.
SECT Images

Mean Difference in HU (95% CI)

Siemens
Confidence

Siemens
Edge

Siemens
Force

GE
Revolution GSI

Adipose
vs.

Breast

40 keV 29.7 (28.4; 30.9) 14.4 (11.5; 17.2) 22.2 (19.4; 25.1) 36.0 (35.1; 37.0)

50 keV 16.1 (15.2; 17.0) 5.7 (4.0; 7.5) 8.4 (6.4; 10.5) 19.2 (18.6; 19.9)

70 keV 2.8 (2.2; 3.4) −2.6 (−3.5; −1.7) −0.8 (−1.5; 0.0) 1.9 (1.5; 2.4)

Adipose
vs.

Muscle

40 keV 73.9 (72.5; 75.2) 89.4 (87.6; 91.3) 79.2 (75.9; 82.6) 93.6 (92.3; 94.8)

50 keV 40.5 (39.5; 41.4) 48.3 (47.1; 49.4) 39.1 (37.1; 41.2) 47.9 (47.0; 48.9)

70 keV 7.8 (7.2; 8.3) 8.0 (7.3; 8.7) 2.9 (1.8; 3.9) 1.8 (1.1; 2.5)

Adipose
vs.

Liver

40 keV 75.3 (74.3; 76.2) 97.4 (94.6; 100.2) 67.6 (66.1; 69.2) 96.5 (95.0; 98.0)

50 keV 41.1 (40.4; 41.8) 55.3 (53.4; 57.2) 31.6 (30.3; 32.9) 49.7 (48.7; 50.6)

70 keV 7.6 (7.2; 8.1) 14.1 (13.0; 15.2) 0.2 (−0.6; 1.0) 2.3 (1.7; 2.9)

Breast
vs.

Bone 200 mg

40 keV 349.3 (347.8; 350.7) 471.3 (469.3; 473.4) 376.9 (374.1; 379.7) 348.0 (345.5; 350.5)

50 keV 189.9 (188.9; 191.0) 265.1 (263.6; 266.6) 192.9 (190.6; 195.1) 181.3 (179.3; 183.3)

70 keV 33.4 (32.7; 34.0) 62.3 (61.0; 63.5) 11.6 (9.7; 13.5) 10.5 (9.7; 11.4)

Muscle
vs.

Liver

40 keV 1.4 (0.1; 2.7) 8.4 (5.5; 11.3) −2.5 (−4.1; −0.9) 2.9 (1.3; 4.5)

50 keV 0.7 (−0.3; 1.6) 7.0 (4.9; 9.1) −4.6 (−5.7; −3.6) 1.7 (0.7; 2.7)

70 keV −0.1 (−0.8; 0.5) 6.1 (4.8; 7.3) −2.7 (−3.5; −1.8) 0.5 (−0.2; 1.2)

Abbreviations: DECT = dual-energy CT, SECT = single-energy CT, FBP = filtered back projection, CI = confidence interval.

4. Discussion

This study aimed to compare the performance of each of the four different DECT
modes offered by two vendors, Siemens and GE, concerning SECT. The primary focus was
on evaluating the impact of the DECT acquisition modes and energy levels (ranging from
40 keV to 140 keV) in distinguishing specific soft tissues (adipose, breast, liver, muscle,
and bone 200 mg) using quantitative parameters, such as SNR and contrast. The results
confirmed and expanded upon previous research, highlighting that VMI at low energies
achieved the best contrast enhancement. Furthermore, the study identified the optimal
energy level for discriminating soft tissues, considering both contrast enhancement and
noise contribution in the images (SNR). Furthermore, a comparison was made among the
various technologies, evaluating differences in quantitative parameters.

Several other studies have also demonstrated the potential of DECT in achieving stable
material quantification and high image contrast resolution. Koukou et al. [42] explored a
DECT method for improving the detectability of microcalcifications in breast imaging. Toia
et al. [43] outlined the different quantitative clinical applications of DECT in the abdomen
and pelvis. Greffier et al. [44] confirmed that spectral performance depends on the DECT
platform and phantom size. Papadakis et al. [45] examined the quality of VMI in fast kVp-
switching DECT, highlighting how objective image quality varies with different radiation
dose levels and different settings with the IR algorithm. Noda et al. [46] showed that VMI
at 40 keV exhibited significantly improved SNR for the pancreas, CNR, and tumor visibility,
along with high reproducibility in measuring tumor size for the assessment of pancreatic
ductal adenocarcinoma.

This study, instead, assessed various parameters across different types of DECT image
technologies. The results showed that VMIs outperform SECT images in the discrimination
of soft tissues. The differences in CT numbers between DECT images and SECT images
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increased as the energy level decreased in all pairwise comparisons of soft-tissue inserts.
Notably, adipose and breast tissues showed superior discrimination, using 40–50 keV DECT
images compared to SECT images across all CT scanners. However, the discrimination
between muscle and liver using DECT images, while statistically significant in some
instances, demonstrated relatively small differences (<10 HU) compared to SECT images
for all scanners, suggesting limited clinical utility in those scenarios.

When comparing results across different technologies, the following observations
were made.

Adipose vs. breast showed that the GE system effectively discriminates these two tissues
using energies at 40–50 keV. However, at higher reconstruction energies, Confidence prevails.

Adipose vs. muscle showed that the GE system distinctly discriminates adipose and
muscle tissues at 40 keV. At 50 keV, Edge becomes the preferable discriminator, while at
70 keV, both Confidence and Edge demonstrate equal discriminative power.

Adipose vs. liver shows that at 40 keV, the GE and Edge systems perform similarly
in tissue discrimination. However, at 70 keV, Edge emerges as the superior discriminator
between these tissues.

Breast vs. bone (200 mg) shows that Confidence and GE show equivalent discrimina-
tion abilities at 40–50 keV, while Edge outperforms them all at 70 keV.

Muscle vs. liver shows that Edge is better suited for discriminating between these soft
tissues at lower energies.

The results showed that, although low energies are desirable for optimal contrast, they
suffer from increased noise and reduced accuracy in CT number quantification.

In particular, for all tissues, Siemens Edge CT exhibited a deviation in average mean
CT numbers compared to the other evaluated CT scanners. This difference is evident in
the muscle and liver inserts, where the average CT numbers at low energies (40–50 keV)
were particularly divergent. Furthermore, the coefficient of variation was assessed, which
shows a dispersion of values that were around the mean of 7% for the breast and liver, 5%
for muscle and bone 200 mg, and 2% for adipose.

As for the noise, it is observed that it increases as energy decreases. In particular, the
Siemens Force was the one with the lowest noise overall.

The study also evaluated the RMSE of CT numbers to ensure the robustness of the
acquisition technique with respect to the NIST reference standard. An improvement of the
RMSE was observed as the VMI energy increased from 40 keV to 140 keV for all DECT
systems and tissues. In particular, the RMSE stabilized at energies above 70 keV, showing
that high energies can be employed for accurate quantification. An accurate quantification
is particularly relevant for clinical applications, such as material characterization, bone min-
eral density inspection, nondestructive evaluation, and dose calculation, where precision
in tissue imaging is essential for the dosimetry.

The obtained results show how, when choosing the most appropriate reconstruction
energy, it is important to consider various factors depending on whether contrast or
accuracy in quantification is preferred, without neglecting the contribution of noise. While
low energies may be preferred for better visualization and delineation of some soft tissues,
the increase in noise and the reduction in HU accuracy must be carefully considered,
particularly in contexts of quantification or other applications requiring high precision. In
this case, the use of high energies is recommended.

DECT can play a crucial role in optimizing the radiotherapy treatment planning work-
flow. With its ability to differentiate between different types of tissues and accurately
identify tumor boundaries, DECT enables healthcare providers to design targeted treat-
ments that maximize therapeutic efficacy and minimize damage to surrounding healthy
tissues. Furthermore, the material decomposition offered by DECT allows for better tissue
characterization and a significant reduction in artifacts, ensuring a clearer view of anatom-
ical structures and facilitating treatment planning, especially in cases involving metallic
implants or high-density material. In summary, the application of DECT in radiotherapy
represents an important technological advancement that has a significant impact on the
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precision and effectiveness of oncology treatments, enhancing healing prospects and overall
patient well-being [26,39,47–50].

Possible applications that emerge from the present study, although they have not
yet been clinically tested, may concern breast imaging. This is due to the superior ability
of DECT compared to SECT to discriminate glandular and adipose tissues, as well as
abdomino-pelvic imaging. Moreover, adding DECT to all those exams that use contrast
medium in order to increase vascular enhancement may have a significant aid in diagnostic
reporting and radiation dose saving [51,52].

Research into quantitative imaging biomarkers derived from DECT data, such as
iodine concentration, material density, and tissue perfusion parameters, holds promise for
applications in disease diagnosis, treatment monitoring, and prognostication. Integration
of artificial intelligence (AI) and machine-learning techniques with DECT imaging and
derived quantitative imaging biomarkers is expected to play a significant role in future
research. AI algorithms can assist in image reconstruction, artifact correction, automated
lesion detection and characterization, and personalized treatment planning. Future studies
may focus on establishing the clinical significance and predictive value of AI techniques
based on DECT imaging in various medical conditions.

It is important to acknowledge certain limitations of the study. First, it should be
noted that no direct clinical study was conducted to assess the practical applicability of the
results obtained. Second, the comparison was limited to a specific group of equipment and
DECT modes, involving only two vendors. While different generations of DECT from one
vendor (Siemens) were included, the same was not performed for the other vendor (GE).
Future studies should evaluate a broader range of equipment from various manufacturers
for a more comprehensive comparison. Another limitation was the use of a single-dose
protocol for quantitative comparison, which was consistent across all clinical applications.
It would be valuable to assess the results at different exposure levels (e.g., varying levels of
CTDIvol) to examine how noise affects the final image reconstructed at different energies.
Additionally, future studies could focus on “contrast medium” and artificial materials, such
as metallic prostheses, as the current analysis primarily focused on soft tissues.

5. Conclusions

This study has provided important insights into the clinical applicability of the various
DECT modes offered by two vendors (Siemens and GE), highlighting the importance of a
balanced evaluation of the tradeoffs between image quality and noise levels. The results
indicate that the GE system tends to enhance the discrimination of soft tissues at lower
energies but at the expense of a higher SNR compared to the Siemens technology. This
knowledge is crucial for clinicians to optimize diagnostic and therapeutic planning. While
low-energy images may be successfully used for precise visualization and delineation of
some soft tissues, the increase in noise must be carefully evaluated, particularly in contexts
of quantification or other applications requiring high precision. It is, therefore, essential for
clinicians to carefully consider the clinical implications of such results, balancing the need
for high-quality images with the importance of patient care. Optimizing DECT technologies
can contribute to improving the accuracy of diagnosis and treatment planning, promoting
personalized and effective care for patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app14051724/s1. Section S1: Methods and results on measure-
ment repeatability; Table S1: Measurement variability; Table S2: RMSE obtained with iterative
reconstructions; Table S3: Mean difference between DECT and SECT of other pairwise comparisons
using FBP reconstruction method; Table S4: Mean difference between DECT and SECT of all pairwise
comparisons using iterative algorithms for reconstruction; Figure S1: Comparison of the average SNR
between DECT and SECT using FBP reconstruction method; Figure S2: Comparison of the average
SNR between DECT and SECT using iterative reconstruction methods.

https://www.mdpi.com/article/10.3390/app14051724/s1
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