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Abstract
Purpose: To compare the spectral performance of four combinations of kVp 
available in a third generation dual- source CT (DSCT) on abdominal imaging.
Methods: An image- quality phantom was scanned with a DSCT using four 
kVp pairs (tube “A” voltage/tube “B” voltage): 100/Sn150 kVp, 90/Sn150 kVp, 
80/Sn150 kVp, and 70/Sn150 kVp, classic parameters and dose level for ab-
domen examination (CTDIvol: 11 mGy). The noise power spectrum (NPS) and 
the task- based transfer function (TTF) of two inserts were computed on virtual 
monochromatic images (VMIs) at 40/50/60/70 keV and for mixed, low- , and high- 
kVp images. Detectability index (d’) was computed on VMIs and mixed images 
to model the detection task of liver metastasis (LM) and hepatocellular carci-
noma (HCC). Iodine quantification accuracy was assessed using the Root Mean 
Square Deviation (RMSDiodine) and the iodine bias (IB).
Results: Noise magnitude decreased by −55%± 0% between 40 and 70 keV for 
all kVp pairs. Compared to 70/Sn150 kVp, noise magnitude was increased by 
9% ± 0% with 80/Sn150 kVp, by 16% ± 1% with 90/Sn150 kVp and by 24%± 1% 
with 100/Sn150 kVp. The average NPS spatial frequency (fav) shifted toward 
higher frequencies as energy level increased for all kVp pairs. Lowest fav val-
ues were found for 70/Sn150 kVp and highest for 100/Sn150 kVp. The value 
of TTF at 50% (f50) shifted toward lower frequencies with increasing energy 
level. The highest f50 values occurred for 100/Sn150 kVp and the lowest for 80/
Sn150 kVp. For both lesions, d’ was highest for 70/Sn150 kVp and lowest for 
100/Sn150 kVp. Compared to 70/Sn150 kVp, d’ decreased by −6% ± 3% with 
80/Sn150 kVp, by −11% ± 2% with 90/Sn150 kVp and by −13%± 2% with 100/
Sn150 kVp. For all acquisitions, the RSMDiodine and IB were the lowest for 100/
Sn150 kVp (0.29 ± 0.10 mg/ml and 0.88 ± 0.30 mg/ml, respectively) and increased 
when the tube “A” voltage decreased (2.34 ± 0.29 mg/ml for 70/Sn150 kVp and 
7.42 ± 0.51 mg/ml respectively).

www.wileyonlinelibrary.com/journal/acm2
mailto:
http://creativecommons.org/licenses/by/4.0/
mailto:joel.greffier@chu-nimes.fr


244 |   GREFFIER et al.

1 |  INTRODUCTION

Since its launch, dual- energy CT (DECT) imaging has 
played an important role in certain clinical applications, 
such as abdominal imaging.1– 5 This technique is based 
on the attenuation differentiation of materials exposed 
simultaneously to low-  and high- energy X- ray beams.6 
Obtaining two measurement points for each volume 
measurement makes it possible to separately calcu-
late the photon interactions by the photoelectric effect 
and by the Compton effect as a function of energy and 
allows material discrimination and quantification (e.g. 
iodine concentration).

Several DECT imaging techniques are currently com-
mercially available,7,8 including dual source CT- scan 
(DSCT) using two pairs of X- ray tubes and detectors 
mounted orthogonally (90° or 95° depending on the gen-
eration). Each tube is set to a different kVp value, where 
tube “A” delivers a low- kVp beam and tube “B” delivers 
a high- kVp beam, and the kVp pair is noted by low- kVp/
high- kVp. The projection data acquired and reconstructed 
from each tube- detector pair are used for material de-
composition analyses. In the first generation of DSCT, 
one kVp pair was available (80/140 kVp). Another pair at 
100/140 kVp was added in the same generation to im-
prove image quality for obese patients due to tube power 
limitations at low- kVp.9 In second generation DSCT, a 
tin filter was introduced in the X- ray tube delivering the 
high- kVp (tube “B”; 80/Sn140 kVp), improving the mate-
rial discrimination via increased spectral separation.10 In 
the third generation, five pairs of kVp are available with or 
without the tin filter: 100/Sn150 kVp, 90/Sn150 kVp, 80/
Sn150 kVp, 70/Sn150 kVp, and 80/140 kVp.

Different sets of images are generated in this third 
generation DSCT platform to allow spectral analyses 
and clinical interpretations. First, radiologists have ac-
cess to the low- kVp and high- kVp images produced by 
each of the two X- ray tubes. Then, mixed images are 
created from the low-  and high- kVp images to resemble 
the conventional 120 kVp image of single- energy CT6 
with higher photon statistics than the low-  and high- 
kVp images. Finally, spectral images are obtained from 
the basis material images (photoelectric and Compton) 
generated by the spectral decomposition in the image 
domain (“post- reconstruction processing”) for DSCT. 
Virtual monoenergetic images (VMIs) are calculated as 
a linear combination of the basis material images with 

energy- dependent coefficients, which approximate the 
energy dependence of the photoelectric interaction and 
the energy dependence of the total cross- section for 
Compton scattering respectively.11– 13 This type of images 
are useful for enhancing iodine contrast on abdominal 
lesions (such as focal liver lesions) at low monoenergetic 
levels (ranging from 40 to 60 keV) and reducing metallic 
artifacts at high monoenergetic levels (ranging from 140 
to 190 keV). In addition, virtual contrast images or iodine 
maps are generated to enhance the visualization of the 
iodine contrast distribution. In clinical practice, radiolo-
gists preferentially use the mixed images and the VMIs 
at low- keV to detect and characterize abdominal lesions 
such as renal or liver lesions.1– 5

Several studies have evaluated and compared the 
spectral performances of different DECT platforms,7,14– 19 
but few studies have assessed the impact of the kVp 
pairs available in DSCT systems for spectral acquisition 
on spectral performance and image quality. Krauss et al.9 
investigated the impact of the five pairs of kVp available 
in second and third generation DSCT on Filtered Back 
Projection images. They assessed the spectral separa-
tion of iodine material and the noise level of the com-
bined and virtual non- contrast images using different 
phantom sizes. However, this study did not assess the 
effect on image quality of mixed and separated low/high- 
kVp images or of VMIs for the lowest energy levels.

The purpose of the present study was to assess the 
impact of four pairs of kVp (using a tin filter for high- 
kVp tube “B”) available in a third generation DSCT 
on the spectral performance and image quality. Task- 
based image quality metrics were used to assess the 
noise texture, noise magnitude, spatial resolution, and 
detectability of small focal liver lesions of mixed and 
separated low-  and high- kVp and VMIs at low- keV. In 
addition, the accuracy of the iodine concentration was 
assessed for iodine images.

2 |  MATERIALS AND METHODS

2.1 | Techniques for calculating mixed 
images

A mixed image is a weighted average of the original 
CT image. The CT values of a mixed image depend on 
three values: the CT value of the low energy image, the 

Conclusion: 70/Sn150 kVp presented the lowest image noise and highest de-
tectability in VMIs of two small focal liver lesions. 100/Sn150 kVp presented the 
lowest image noise on mixed images and highest accuracy of iodine quantifica-
tion in iodine images.

K E Y W O R D S
dual- energy imaging, dual- source CT scan, spectral performance, task- based image quality 
assessment, virtual monoenergetic images
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CT value of the high energy image and the dual energy 
composition. This latter is the low energy fraction of 
the image and it is determined by the DE composition 
parameter of the scan protocol. In this study, the DE 
composition used as default was 0.8.

The CT values of a mixed image are computed as 
follows:

where x: CT value (HU) in image; w: the DE composition; 
xlow and xhigh: CT value in low and high energy images 
respectively.

VMIs are calculated as a linear combination of the 
basis material images with energy- dependent coeffi-
cients which approximate the energy dependence of 
the photoelectric interaction and the energy depen-
dence of the total cross- section for Compton scattering 
respectively.

2.2 | Phantoms used

A 20- cm diameter ACR QA phantom (Gammex 464, 
Middleton, WI) was placed inside a body ring (0 HU; 
Solid Water®; Gammex 464, Middleton, WI). The total 
size of the phantom used was 26.4 cm × 33 cm × 20 cm 
(Figure 1a) and was used to measure the noise power 
spectrum (NPS; Figure 1b) and the task- based trans-
fer function (TTF; Figure 1c). The phantom was placed 
inside its body ring to most closely simulate the mor-
phology of patients undergoing an abdomen CT 
examination.

A 20- cm diameter Multi- Energy CT phantom 
was placed inside an elliptical ring (Sun Nuclear, 
Middleton, WI). The total size of the phantom used was 
30 cm × 40 cm × 15 cm and was used to assess the 
accuracy of iodine concentration. This phantom was 
composed of removable inserts (diameter of 2.85 cm) 
placed into a water equivalent as background material. 
The inserts were placed in the same positions for each 
acquisition (Figure 1d).

2.3 | Acquisition and 
reconstruction parameters

Acquisitions were performed with a third genera-
tion DSCT (Somatom Force, Siemens Healthineers, 
Forcheim, Germany). The acquisition parameters of 
classic abdomen examinations were used: a rotation 
time of 0.5 s/rot, pitch factor of 0.6 and beam collima-
tion of 128 × 0.6 mm. Four pairs of low- kVp in tube “A” 
and high- kVp in tube “B” with an available tin filter were 
used: 100/Sn150 kVp, 90/Sn150 kVp, 80/Sn150 kVp, 
and 70/Sn150 kVp.

For each kVp pair, the reference quality tube current 
(mAs) can be adjusted for tube “A” but the mAs for tube 
“B” was automatically computed by the system. The 
tube current modulation system was activated for each 
acquisition to take into account the elliptical shape of 
each phantom. For each pair of kVp, the mAs of tube 
“A” was adjusted to obtain a CTDIvol close to 11 mGy, 
which corresponds to the guide value of the French 
Diagnostic Reference Level (Table 1).

Each phantom was centered on the CT scan isocen-
tre and was scanned five times with the same acquisi-
tion and reconstruction parameters for each kVp pair.

Raw data were reconstructed with level 3 (A3) of 
advanced modeled iterative reconstruction (ADMIRE) 
using the standard soft tissue reconstruction kernel 
(Br40) usually used for abdomen exploration. Images 
were reconstructed with slice thickness of 1 mm (1- 
mm increment) and a reconstruction field of view of 
250 mm in the x- y direction for the ACR phantom and 
420 mm for the Multi- energy phantom. These recon-
struction parameters are used in clinical practice for 
abdomen CT.

The reconstructed images for the low-  and high- kVp 
were sent to Syngo.via software, which automatically 
generated a mixed image from the low-  and high- energy 
images. For each pair of kVp, virtual monochromatic 
images (VMIs) at 40, 50, 60, and 70 keV were gener-
ated using the “Monoenergetic +” application. Iodine 
concentration images were also computed using the 
“Virtual Unenhanced” application. Information about 

x = w × xlow + (1 − w) × xhigh

F I G U R E  1  a. ACR phantoms placed inside a body ring; b. Four regions of interest (ROIs) of approximately 128x128 pixels used for the 
noise power spectrum (NPS) assessment; c. ROI used to compute the task- based transfer function (TTF) placed on the acrylic insert; d. 
ROI used to measure the accuracy of the iodine concentration and placed on the 2, 5, 10 and 15 mg/ml iodine inserts

(a) (b) (c) (d)
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the "Monoenergetic +" and the "Virtual unenhanced" 
applications available in Syngo. Via software are de-
tailed in Grant et al.13 and Johnson et al.20 respectively.

2.4 | Task- based image 
quality assessment

Task- based image quality assessment was carried 
out using in- house software developed by a working 
group of the French Society of Medical Physicists. 
This software was used to assess the noise texture 
and magnitude using the NPS and the spatial reso-
lution using the TTF21,22 with a similar methodology 
than that used by the imQuest software.20 The de-
tectability index (d’) was used to model the detection 
of small focal lesions. For each of the five CT acquisi-
tions performed, all metrics were computed for mixed 
and separated low-  and high- kVp images and VMIs 
at 40/50/60/70 keV.

2.4.1 | Noise power spectrum

The NPS was computed by placing four square regions 
of interest (ROIs) in the uniform section (module 3) of 
the ACR phantom (Figure 2) with the following equation: 

where Δx and Δy are the pixel sizes in the x-  and y- 
directions, respectively, Lx and Ly are the ROI sizes in 
pixels along the x-  and y- axes, respectively, NROI is the 
number of ROIs, FT is the Fourier transform and 

‼

ROIi is 
the mean pixel value measured from ROIi(x, y) allowing 
by subtraction the extraction of the noise from the pixel 
values of the ROIi(x, y).23 This extraction technique, de-
trending, is used to remove the low- frequency spike on 
the NPS curves.23,24 The combined NPS was computed 
for a total of 80 ROIs (NROI) of approximately 128 × 128 
pixels (Lx and Ly) each from 20 consecutive axial slices. 
The NPS curves obtained were fitted using the 11th- order 
polynomial to smooth them.

The square root of the area under the NPS curve was 
used to quantify the noise magnitude and the average spa-
tial frequency of the NPS curve (fav) for the noise texture.

2.4.2 | Task- based transfer function

The TTF was assessed using acrylic insert available 
in module 1 of the ACR phantom from 10 consecutive 
axial slices according to the methodology previously re-
ported25 and used.21,22,26– 28 A circular ROI was placed 
around the insert, and a circular- edge technique was 
employed to measure the edge spread function (ESF) 
by plotting the HU value of each pixel as a function of 
the distance to the center of the insert. The ESF was 
computed for each of the 10 axial slices and its median 
was computed. The line spread function (LSF) was then 
obtained by derivation of the median ESF. The TTF was 
computed from the normalized Fourier transformation 
of the LSF. Detailed process of the TTF calculation are 
depicted in the Supplementary Material file.

2.4.3 | Detectability index

A detectability index (d’) was computed to assess the 
detection of liver metastasis (LM) and hepatocellu-
lar carcinoma (HCC) on VMIs as function of energy 
levels and on mixed images. d’ combines the noise 
(NPS) and resolution (TTF) properties of the images 
with a predefined function, noted W, representa-
tive22 of a clinical imaging task to estimate how well a 
human observer would perform the considered task.

This index was based on a Non- PreWhitening 
matched filter with Eye filter (NPWE) model observer 
as21,22,25:

where u and v are the spatial frequencies in the x-  and 
y- directions, E the eye filter that models the human visual 
system sensitivity to different spatial frequencies,21,29 
and W(u,v) the task function defined as:

NPS2D

(
fx , fy

)
=

ΔxΔy

LxLy

1

NROI

NROI∑

i = 1

|||FT2D

{
ROIi (x, y) − ROIi

}|||
2

d2
NPWE

=

[
∬ |W (u,v)|2 ⋅ TTF (u,v)2 ⋅ E (u,v)2 dudv

]2

∬ |W (u,v)|2 ⋅ TTF (u,v)2 ⋅ NPS (u,v)2 ⋅ E (u,v)4 dudv

TA B L E  1  Tube current for tube “A” and tube “B” voltages and mAs ratio between mAs used for both tubes before and after tube current 
modulation and volume CT dose index (CTDIvol) used for the four pairs of kVp

Tube voltage (Tube “A”/Tube “B”; kVp) 100/Sn150 90/Sn150 80/Sn150 70/Sn150

Tube current (mAs) Reference mAs 275/138 319/199 446/223 800/200

Effective mAs 183/99 211/143 295/160 525/143

mAs ratio Reference mAs 1.99 1.60 2.00 4.00

Effective mAs 1.85 1.48 1.84 3.67

Measured CTDIvol (mGy) 10.71 ± 0.04 10.59 ± 0.02 10.64 ± 0.04 10.38 ± 0.03

Values of measured CTDIvol are expressed as means ± standard deviations for the five acquisitions performed for each kVp pair.
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where h1 (x, y) and h2 (x, y) correspond to the object pres-
ent and the object absent hypotheses respectively.23,30

The eye filter (E) was modeled according to the vi-
sual response function.31

The LM and HCC task functions were assumed to 
represent a circular signal with a diameter of 10 mm. To 
account for lesion enhancement variation as a function 
of keV, the contrast between each clinical task and the 
liver parenchyma was defined according to the curves 
of HU variations measured on patients and published by 
Wang et al. for LM, HCC, and the liver parenchyma32 
(Table 2).

The interpretation conditions used to obtain d’ included 
a 1.5 zoom factor, a viewing distance of 450 mm and a 
500 mm field of view to refer to the visualization screen.

2.5 | Iodine concentration

For each of the five CT acquisitions performed, the io-
dine concentration was measured in the iodine concen-
tration images by placing a ROI (diameter of 2 cm) in 
the center of the four inserts at four iodine concentra-
tions, 2, 5, 10 and 15 mg/ml (Figure 1d).

The accuracy of the iodine concentration was 
obtained using the root- mean- square deviation 
(RMSDiodine) between the measured and theoreti-
cal iodine concentration values using the following 
formula:

The iodine bias (IB) was used to characterize each 
kVp pair's overall deviation from the nominal concen-
tration7 and was computed, as follows:

IB =
∑

i =2,5,10,15

��
I
�
i
− i

�
,

where i is the nominal iodine concentration and 
[
I
]
i
is the 

iodine concentration measured for a given insert.

2.6 | Dosimetry

For all kVp pairs, the CTDIvol were measured using the 
32- cm diameter reference phantom and an ionization 
chamber. The ionization chamber was placed in the 
center of the phantom and then in each of the four car-
dinal peripheral positions. Five acquisitions were per-
formed for each ionization chamber position and the 
CTDIvol were computed.

W =
|||F

{
h1 (x, y) − h2 (x, y)

}|||

RMSDiodine =

�����
∑ K

i =1

�
ci

theoretical
− ci

measured

�2

K
, c1,… ,K = 2, 5, 10, 15mg∕ml.

F I G U R E  2  Noise power spectrum (NPS) curves obtained for all pairs of kVp for low- kVp, high- kVp, and mixed images. (Note that NPS 
curves for 70/Sn150 kVp and 90/Sn150 kVp [red and green colored curves] overlap for high- kVp images)

TA B L E  2  Contrast between the hypodense liver metastasis or 
the hypodense hepatocellular carcinoma and the surrounding liver 
parenchyma as function of keV used to compute the detectability 
indexes. These values were extrapolated to the curves of HU 
variations measured on patients and published by Wang et al.32

Energy
Liver 
metastasis

Hepatocellular 
carcinoma

40 keV −112 HU −39 HU

50 keV −78 HU −30 HU

60 keV −61 HU −23 HU

70 keV −50 HU −17 HU

80 keV −43 HU −16 HU

Of note, as the lesions are hypodense, their HU values were lower than the 
surrounding liver parenchyma and hence the resulting contrast is negative.
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3 |  RESULTS

3.1 | Mixed and separated low-  and 
high- kVp images

3.1.1 | Tube current (mAs) and CTDIvol

The mAs of the tube “A” increased as tube voltage de-
creased (Table 1). For each kVp pair, the mAs used 
in tube “A” was 1.5 times higher than that in tube “B” 
for 90/Sn150 kV, 1.85 times for 100/Sn150 kV and 80/
Sn150 kVp, and 3.7 times for 70/Sn150 kVp.

For all pairs of kVp, the measured CTDIvol ranged 
from 10.38 ± 0.03 mGy to 10.71 ± 0.04 mGy. The ratio 
between the mean CTDI measured at the periphery and 
the center of the dosimetric phantom decreased when 
the tube “A” voltage increased (1.90 for 100/Sn150 kVp 
and 2.04 for 70/Sn100 kVp).

3.2 | Noise power spectrum (NPS)

The NPS curves obtained for mixed, low-  and high- kVp 
images of each pair of kVp are shown in Figure 2. The 
lowest NPS peak values for low- kVp and mixed images 
and the highest NPS peak value for high- kVp images 
were found with 100/Sn150 kVp.

For each pair of kVp, the noise magnitude was lower 
for mixed images than for low-  and high- kVp images, 
and was lower for low- kVp images than for high- kVp 
images (Figure 3). Similar values of noise magnitude 
were found on low- kVp images (21.2 ± 0.5 HU) and on 
mixed images (17.8 ± 0.4 HU) as function of kVp pairs. 
For high- kVp images, the highest noise magnitude was 
found with 100/Sn150 kVp.

For low- kVp and mixed images, the average NPS spa-
tial frequency (fav) shifted toward lower frequencies when 
the tube “A” voltage decreased (0.247 ± 0.002 mm−1 
for 100/Sn150 kVp and 0.218 ± 0.004 mm−1 for 70/
Sn150 kVp; Figure 3). For high- kVp images, similar val-
ues of fav were found for all pairs of kVp and all acquisi-
tions (0.254 ± 0.001 mm−1).

3.3 | Task- based transfer function

For low- kVp and mixed images, the highest values of TTF 
at 50% (f50) were obtained for 100/Sn150 kVp and de-
creased when the tube “A” voltage decreased (Figure 3). 
For high- kVp, the f50 values were similar across all pairs of 
kVp and all acquisitions (0.394 ± 0.025 mm−1).

3.3.1 | Monochromatic images

3.4 | Noise power spectrum

For all kVp pairs and all acquisitions, the noise mag-
nitude decreased by a mean of −55%± 0% between 
40 keV and 70 keV (Figure 4 and Table 3). From 40 
to 70 keV, the lowest values of noise magnitude were 
found with 70/Sn150 kVp, regardless of the energy 
level. Compared to 70/Sn150 kVp and for all acquisi-
tions, noise magnitude was increased by 9% ± 0% with 
80/Sn150 kVp, by 16 %± 1% with 90/Sn150 kVp and by 
24% ± 1% with 100/Sn150 kVp.

fav and fpeak shifted toward higher frequencies as the 
energy level increased for all kVp pairs (Figure 4 and 
Table 3). Irrespective of the energy level, the lowest fav 
values were found for 70/Sn150 kVp. For the same energy 
level, fav shifted toward higher frequencies as the voltage 
in the tube “A” increased. The fpeak shifted toward higher 
frequencies as the tube “A” voltage increased at 60 and 
70 keV. The reverse pattern was found at 40 keV and sim-
ilar fpeak values were found at 50 keV for all kVp pairs.

3.4.1 | Task- based transfer function

The f50 and f10 shifted toward lower frequencies as the 
energy level increased (Figure 4 and Table 3). For each 
energy level, the highest values of f50 and f10 occurred 
for 100/Sn150 kVp and the lowest for 80/Sn150 kVp. 
Similar values of f50 were found with 70/Sn150 kVp and 
90/Sn150 kVp but the f10 values were lower with 70/
Sn150 kVp and 90/Sn150 kVp.

F I G U R E  3  Mean values of noise magnitude, average NPS spatial frequency (fav), and TTF at 50% (f50) of acrylic insert and their 
respective error bars obtained for all pairs of kVp for low- kVp, high- kVp, and mixed images
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F I G U R E  4  Noise magnitude, average NPS spatial frequency (fav), and TTF at 50% (f50) of acrylic insert obtained for all kVp pairs on 
low- energy monochromatic images

TA B L E  3  Outcomes of Noise Power Spectrum (NPS), Task- based transfer function (TTF) at 50% (f50) and at 10% (f10) of the acrylic 
insert and detectability index (d’) for the two simulated lesions obtained for all kVp pairs on Virtual monoenergetic images at low- energy 
levels

Virtual monoenergetic images

40 keV 50 keV 60 keV 70 keV

Noise magnitude 70/Sn150 kVp 31.8 ± 0.1 22.9 ± 0 17.6 ± 0 14.4 ± 0

80/Sn150 kVp 34.7 ± 0.2 25.0 ± 0.1 19.2 ± 0.1 15.7 ± 0.1

90/Sn150 kVp 37.1 ± 0.1 26.6 ± 0.1 20.4 ± 0.1 16.6 ± 0.1

100/Sn150 kVp 39.9 ± 0.1 28.6 ± 0.1 21.8 ± 0.1 17.7 ± 0.1

Average NPS spatial frequency (mm−1) 70/Sn150 kVp 0.22 ± 0 0.22 ± 0 0.22 ± 0 0.22 ± 0

80/Sn150 kVp 0.22 ± 0 0.22 ± 0 0.23 ± 0 0.23 ± 0

90/Sn150 kVp 0.23 ± 0 0.23 ± 0 0.24 ± 0 0.24 ± 0

100/Sn150 kVp 0.23 ± 0 0.23 ± 0 0.24 ± 0 0.25 ± 0

NPS peak spatial frequency (mm−1) 70/Sn150 kVp 0.12 ± 0.01 0.15 ± 0 0.15 ± 0.01 0.16 ± 0.01

80/Sn150 kVp 0.11 ± 0.01 0.14 ± 0.01 0.16 ± 0.01 0.16 ± 0

90/Sn150 kVp 0.10 ± 0 0.13 ± 0 0.16 ± 0 0.17 ± 0.01

100/Sn150 kVp 0.10 ± 0 0.14 ± 0.02 0.17 ± 0.01 0.18 ± 0

f50 (mm−1) 70/Sn150 kVp 0.62 ± 0.06 0.51 ± 0.04 0.41 ± 0.03 0.35 ± 0.03

80/Sn150 kVp 0.57 ± 0.04 0.42 ± 0.03 0.38 ± 0.01 0.32 ± 0.01

90/Sn150 kVp 0.61 ± 0.08 0.50 ± 0.03 0.42 ± 0.01 0.37 ± 0.02

100/Sn150 kVp 0.72 ± 0.05 0.63 ± 0.02 0.51 ± 0.02 0.45 ± 0.02

f10 (mm−1) 70/Sn150 kVp 0.89 ± 0.03 0.68 ± 0.07 0.63 ± 0.04 0.61 ± 0.01

80/Sn150 kVp 0.85 ± 0.06 0.64 ± 0.03 0.60 ± 0.03 0.59 ± 0.10

90/Sn150 kVp 0.91 ± 0.11 0.74 ± 0.15 0.65 ± 0.04 0.63 ± 0.02

100/Sn150 kVp 0.99 ± 0.03 0.80 ± 0.06 0.68 ± 0.03 0.64 ± 0.05

d’ values of Liver metastasis 70/Sn150 kVp 6.56 ± 0.04 6.69 ± 0.07 6.71 ± 0.10 6.67 ± 0.10

80/Sn150 kVp 6.05 ± 0.03 6.17 ± 0.04 6.50 ± 0.02 6.28 ± 0.03

90/Sn150 kVp 5.76 ± 0.07 5.80 ± 0.06 6.13 ± 0.05 6.03 ± 0.09

100/Sn150 kVp 5.64 ± 0.01 5.67 ± 0.01 6.00 ± 0.02 5.90 ± 0.02

d’ values of Hepatocellular carcinoma 70/Sn150 kVp 2.34 ± 0.01 2.52 ± 0.03 2.52 ± 0.04 2.27 ± 0.03

80/Sn150 kVp 2.15 ± 0.01 2.33 ± 0.01 2.37 ± 0.01 2.21 ± 0.01

90/Sn150 kVp 2.02 ± 0.02 2.22 ± 0.02 2.27 ± 0.02 2.08 ± 0.03

100/Sn150 kVp 1.97 ± 0.01 2.17 ± 0.01 2.23 ± 0.01 2.04 ± 0.01

Values are expressed as means ± standard deviations for five acquisitions performed for each kVp pair.
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3.4.2 | Detectability index

Figure 5 and Table 3 depict the d′ obtained for the 
two simulated lesions as function of the energy level 
for each pair of kVp. For both lesions, the highest d’ 
values were found for 70/Sn150 kVp and the lowest 
for 100/Sn150 kVp. Compared to 70/Sn150 kVp, d’ 
were decreased by −6 ± 3% with 80/Sn150 kVp, by 
−11 ± 2% with 90/Sn150 kVp and by −13 ± 2% with 100/
Sn150 kVp for all energy levels and all acquisitions.

For both lesions, d’ values peaked at 60 keV for all 
pairs of kVp, except with 70/Sn150 kVp. For HCC, d’ 
values peaked at 50 keV with 70/Sn150 kVp, but for 
LM, similar d’ values were found from 40 to 70 keV.

For both lesions and for each kVp pair, d’ values ob-
tained on VMIs for all low- keV (Table 3) were higher 
than to those obtained on mixed images (Table 4). The 
highest d’ values were obtained with 100/Sn150 kVp for 
both lesions.

3.5 | Iodine images

For all pairs of kVp and all iodine concentrations, the 
measured iodine concentrations were higher than the 
respective theoretical values (Table 5).

For all acquisitions, the RMSDiodine was the lowest 
for 100/Sn150 kVp (0.29 ± 0.10 mg/ml) and increased 
when the tube “A” voltage decreased (2.34 ± 0.29 mg/
ml for 70/Sn150 kVp). Similar outcomes were found for 
iodine bias: 0.88 ± 0.30 mg/ml for 100/Sn150 kVp and 
7.42 ± 0.51 mg/ml for 70/Sn150 kVp.

4 |  DISCUSSION

In this study, we assessed the spectral performance of 
the abdominal dual- energy imaging of four X- ray tube 
voltage pairs using a tin filter for the tube “B” voltage by 
a third generation DSCT. The noise texture, noise mag-
nitude, and spatial resolution in mixed and separated 

low-  and high- kVp images and VMIs were evaluated. 
The detectability of two low- contrast focal liver lesions 
was computed for VMIs and mixed images. The ac-
curacy of iodine concentration was also measured for 
iodine images. We observed that, for low energy lev-
els (ranging from 40 to 70 keV), the highest detecta-
bility and spectral performances were found using 70/
Sn150 kVp. The highest detectability for mixed images 
and highest accuracy of iodine concentration on iodine 
images were for 100/Sn150 kVp.

The results of the mAs ratio found in this study were 
similar to those published by Krauss et al. for phan-
toms with diameters of 30 and 40 cm9. The mAs ratio 
is defined by the manufacturer for each pair of kVp to 
obtain optimal image quality. The user can change the 
mAs of tube “A” but the mAs of tube “B” was defined 
by the system. However, the choice of this ratio affects 
the image quality. The NPS peak outcomes showed 
that the mAs ratios defined for 80/Sn150 kVp and 70/
Sn150 kVp gave an equivalent NPS peak for low- kVp 
and high- kVp images. Furthermore, for 90/Sn150 kVp 
and 100/Sn150 kVp, different NPS peak values were 
found between the low-  and high- kVp images. For 
100/Sn150 kVp, the noise magnitude was 2.0 times 
higher in images at high- kVp than those at low- kVp 
and 1.2 lower for 90/Sn150 kVp. However, these re-
sults could also be explained by the difference in dose 
distribution as a function of the kVp pairs. The CTDIvol 

F I G U R E  5  Detectability index (d′) 
obtained for all pairs of kVp on low- 
energy monochromatic images for the 
liver metastasis and the hepatocellular 
carcinoma

TA B L E  4  Detectability index (d’) obtained on mixed images 
generated for each pair of kVp, for the detection of two small focal 
liver lesions

Tube voltage (Tube A/
Tube B; kVp)

Liver 
metastasis

Hepatocellular 
carcinoma

70/Sn150 kVp 4.65 ± 0.16 1.68 ± 0.06

80/Sn150 kVp 4.75 ± 0.02 1.72 ± 0.01

90/Sn150 kVp 5.12 ± 0.04 1.85 ± 0.01

100/Sn150 kVp 5.51 ± 0.08 1.99 ± 0.03

Values of the detectability index are expressed as means ± standard 
deviations for the five acquisitions performed for each kVp pair.
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results showed that the difference between the dose 
measured at the periphery and the center of the ref-
erence dosimetric phantom increased when the tube 
“A” voltage decreased. The lower this ratio, the more 
penetrating the photon beam and the greater the pho-
ton statistics in the images, reducing the image noise, 
the beam hardening, and photon starvation artifacts. 
The reduction of these artifacts improved the noise tex-
ture and spatial resolution of images. The outcomes of 
NPS spatial frequency (noise- texture) and TTF (spatial 
resolution) of the acrylic insert obtained for low- kVp 
images showed that the highest values were found 
for 100/Sn150 kVp, and these values decreased when 
the tube “A” voltage decreased. However, for high- 
kVp images, similar values of NPS spatial frequency 
and TTF were found as a function of the pair of kVp 
because the same tube “B” voltage (Sn150 kVp) was 
used. Finally, the variations in the NPS peak, NPS 
spatial frequency, and TTF values obtained for mixed 
images as a function of the kVp pair were similar to 
those obtained for low- kVp images. Indeed, as defined 
in this study, the mixed images were obtained using a 
DE composition factor corresponding to the low energy 
fraction of the image. In this study, for abdominal imag-
ing, the weighting proposed by the manufacturer was 
80% for the low- kVp images and 20% for the high- kVp 
images. This ratio was defined to obtain mixed images 
similar to the 120 kVp images in terms of noise and 
contrast enhancement. A lower DE composition value 
led to a decreased low energy fraction in the image 
and thus less contrast enhancement. Furthermore, the 
NPS peak was lower in the mixed images than in the 
low-  and high- kVp images. Indeed, the two sets of data 
used to generate these images induce a higher statis-
tic and thus decrease the image noise. Similar varia-
tions in image noise as a function of the kVp pair were 
found for mixed images by Krauss et al. for 80/Sn150, 
90/Sn150, and 100/Sn150 kVp.9 The highest NPS 
and TTF outcomes obtained at 100/Sn150 kVp on the 
mixed images leads to better detectability of the two 
simulated lesions. For these two lesions, detectability 
then decreases as the tube “A” voltage decreases.

The NPS and TTF outcomes obtained in our study 
on VMIs for low energy levels showed that image noise, 
image texture, and spatial resolution changed according 

to the kVp pair used. We found that the noise magnitude 
decreased as the tube “A” voltage decreased. These 
results were directly linked to the difference in spectral 
separation between the kVp pairs. The higher the dif-
ference between the two tube voltages (tube “A”/tube 
“B”), the smaller the overlap between the two- photon 
spectra obtained and the better the spectral separa-
tion, resulting in less image noise. Krauss et al. demon-
strated that spectral separation was higher for 80/
Sn150 kVp than for 90/Sn150 kVp and 100/Sn150 kVp.9 
We also found that the noise magnitude decreased as 
the energy level increased. These results are related 
to the decrease in the average beam energy when the 
keV decreases, which reduces the penetration power 
of the X- ray beam and therefore increases the image 
noise.33 Furthermore, we found that average NPS spa-
tial frequency (fav) shifted toward higher frequencies as 
the energy level increased and as the tube “A” voltage 
increased. The further the fav shifted toward lower fre-
quencies, the greater the image texture change (such 
as image smoothness). In addition, we found that TTF 
values shifted toward lower frequencies as the energy 
level increased and as the tube “A” voltage decreased, 
except for 80/Sn150 kVp. The further the TTF shifted 
toward lower frequencies, the greater was the spatial 
resolution reduction. These outcomes are due to the 
circular edge technique used to calculate the TTF by 
plotting the ESF. The ESF is influenced by the image 
noise and the contrast between the acrylic insert and 
the phantom background, which differ as function of 
keV and of kVp pairs used. Furthermore, as defined 
by Greffier et al., the variation of the TTF according to 
the energy level was related to the enhancement of the 
border of the acrylic insert when the keV decreased.33 
We previously found similar fav and TTF variations as 
function of energy levels on another DECT system.33

We found that 70/Sn150 kVp gave the optimal de-
tectability of both small focal liver lesions. Indeed, d’ 
variations were directly related to the contrast varia-
tions of the simulated lesions and with the NPS and 
TTF outcomes, especially the noise magnitude varia-
tions. With a higher contrast, the detectability of LM was 
higher than that of HCC, whilst with the lowest noise 
magnitude, d’ values were highest for this kVp pair and 
decreased as the tube “A” voltage increased for both 

70/
Sn150 kVp

80/
Sn150 kVp

90/
Sn150 kVp

100/
Sn150 kVp

Iodine concentration
(mg/ml)

2 2.4 ± 0.1 2.1 ± 0.1 2.2 ± 0.1 2.4 ± 0.2

5 6.0 ± 0.2 5.6 ± 0.2 5.6 ± 0.2 5.2 ± 0.1

10 11.8 ± 0.1 10.7 ± 0.1 10.6 ± 0.1 10.1 ± 0.3

15 19.1 ± 0.7 17.3 ± 0.2 16.7 ± 0.2 15.1 ± 0.3

RMSDiodine (mg/ml) 2.34 ± 0.29 1.24 ± 0.07 0.94 ± 0.07 0.29 ± 0.10

Iodine bias (mg/ml) 7.42 ± 0.51 3.78 ± 0.23 2.98 ± 0.13 0.88 ± 0.30

Values are expressed as means ± standard deviations for five acquisitions performed for each kVp pair.

TA B L E  5  Values of iodine measured 
for four iodine concentrations with the 
four pairs of kVp and their respective 
root mean square deviation (RMSDiodine) 
averaged over the four iodine 
concentrations and the iodine bias



252 |   GREFFIER et al.

modeled lesions. However, the differences in d’ values 
between the kVp pairs were relatively modest (−13% 
between 100/Sn150 kVp and 70/Sn150 kVp for both le-
sions). In addition, we found that d’ values peaked at 
50– 60 keV for all pairs of kVp and were higher than 
mixed images obtained for each kVp pair.

We found that the accuracy of the measured iodine 
concentration (RMSDiode and iodine bias) was higher 
for 100/Sn150 kVp and decreased as the tube “A” volt-
age decreased. The value of RMSDiodine found in this 
study for 100/Sn150 kVp was lower than that previously 
reported by Sellerer et al. (0.29 vs. 0.97 mg/ml).14 This 
difference can be explained by the differences in the 
phantoms, reconstruction kernel, and number of con-
centrations of iodine used. The values of IB found in 
this study for 90/Sn150 kVp were higher than those pre-
viously published by Jacobsen et al.7 but in the same 
range for 100/Sn150 kVp. These variations were re-
lated to the differences between these two studies in 
terms of dose level and acquisition and reconstruction 
parameters.

Altogether, our results showed that the use of 70/
Sn150 kVp is the most suitable for abdominal explo-
rations in VMIs at low- keV (below 70 keV). Indeed, for 
these energy levels, iodine contrast enhancement is 
preferable to improve the detection and quantification 
of the injected lesions, such as focal liver lesions. The 
results of our study show that with the 70/Sn150 kVp 
pair, which has the greatest spectral separation, detect-
ability of both modeled lesions was better. However, our 
outcomes showed that this kVp pair generated VMIs 
at low- keV that were less noisy, but more smooth and 
with less spatial resolution than VMIs obtained for other 
kVp pairs. Previous studies on iterative reconstruction 
algorithms have shown that a smoother image with less 
spatial resolution can impede the radiologist interpreta-
tion.26– 28,33 Confronted with this type of image quality, 
the radiologist might choose to use a higher kVp pair. 
In clinical practice, radiologists also use the mixed im-
ages, which approximate the conventional 120 kVp im-
ages used for almost all CT examinations. Compared to 
VMIs, these images are available more quickly and allow 
faster classical diagnosis and easier exchange with non- 
radiologist physicians who are not familiar with spectral 
images. Lowest noise level and higher detectability were 
found for mixed images generated with 100/Sn150 kVp. 
In addition, radiologists also measure the iodine con-
centration from specific iodine images to determine the 
diagnostic thresholds in various diseases. A major error 
in the quantification of the iodine concentration may thus 
affect the detection, characterization, or monitoring of a 
specific lesion. We found that the accuracy of iodine con-
centration measured was highest with 100/Sn150 kVp. 
All of these outcomes imply that the choice of the kVp 
pair should be made according to the type of images 
(VMIs, iodine, or mixed images) that the radiologist will 

use to detect and/or characterize the lesions in practice 
but also the patient's morphology. Indeed, for patients’ 
with large morphology, the image noise will be important 
with increased beam hardening and photon starvation 
artifacts requiring using a kVp pair with a higher tube “A” 
voltage kVp. This was confirmed by the study carried 
out by Michalak et al. on phantoms of different sizes.5 
They recommended using a kVp pair with a higher tube 
“A” voltage kVp with larger phantoms (or patients) to im-
prove VMIs. The results of our study must therefore be 
toned down because even if we chose phantoms placed 
inside a body ring to represent the morphology of pa-
tients undergoing an abdomen- pelvic CT examination, it 
did not take into account very large morphologies, that 
is, overweight or obese patients. For these patients, a 
pair of kVp with a higher tube “A” voltage kVp, especially 
100/Sn150 kVp is highly recommended. In addition, it 
should be noted that Siemens defined 100/150Sn kVp 
as default for the dual- energy abdominal exams for all 
images. Our results on phantoms now need to be con-
firmed in patients with different morphologies for ab-
dominal explorations in clinical practice.

This study has several limitations. Acquisitions 
were performed for only one dose level and one phan-
tom morphology; a single standard soft tissue recon-
struction kernel and a single iterative reconstruction 
level were used. Additionally, the use of other param-
eter combinations may show different outcomes.33 
Then, this study was conducted on a phantom that 
does not take into account the variety of the patient's 
body morphologies, especially overweight and obese 
patients. Moreover, further studies should be con-
ducted to assess the effect of the dose level and the 
voxel size, the use of iterative reconstruction algo-
rithms or other reconstruction kernels and pitch vari-
ations. Last, further studies using different sizes and 
types of phantoms such as anthropomorphic phan-
toms should be conducted to confirm our outcomes 
with other configurations, adding clinical relevance to 
our results.

5 |  CONCLUSION

In conclusion, our study assesses the noise magnitude, 
noise texture, spatial resolution, and detectability of two 
focal liver lesions for four pairs of kVp available in a 
DSCT for the first time. For abdominal imaging and the 
lowest energy levels, we found that 70/Sn150 kVp pre-
sented the lowest image noise and the highest detect-
ability of two small focal liver lesions in VMI. However, 
for optimum image noise and detectability on mixed 
images and highest accuracy of iodine concentration 
measured, the 100/Sn150 kVp pair was better. The re-
sults found should now be validated in clinical practice 
for abdominal imaging.
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