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Background: To compare task-based image quality (TB-IQ) among virtual monoenergetic images (VMI) 
and linear-blended images (LBI) from dual-energy CT as a function of contrast task, radiation dose, size, and 
lesion diameter. 
Methods: A TB-IQ phantom (Mercury Phantom 4.0, Sun Nuclear Corporation) was imaged on a third-
generation dual-source dual-energy CT with 100/Sn150 kVp at three volume CT dose levels (5, 10, 15 mGy).  
Three size sections (diameters 16, 26, 36 cm) with subsections for image noise and spatial resolution 
analysis were used. High-contrast tasks (e.g., calcium-containing stone and vascular lesion) were emulated 
using bone and iodine inserts. A low-contrast task (e.g., low-contrast lesion or hematoma) was emulated 
using a polystyrene insert. VMI at 40–190 keV and LBI were reconstructed. Noise power spectrum (NPS) 
determined the noise magnitude and texture. Spatial resolution was assessed using the task-transfer function 
(TTF) of the three inserts. The detectability index (d’) served as TB-IQ metric.
Results: Noise magnitude increased with increasing phantom size, decreasing dose, and decreasing VMI-
energy. Overall, noise magnitude was higher for VMI at 40–60 keV compared to LBI (range of noise increase, 
3–124%). Blotchier noise texture was found for low and high VMIs (40–60 keV, 130–190 keV) compared to 
LBI. No difference in spatial resolution was observed for high contrast tasks. d’ increased with increasing dose 
level or lesion diameter and decreasing size. For high-contrast tasks, d’ was higher at 40–80 keV and lower at 
high VMIs. For the low-contrast task, d’ was higher for VMI at 70–90 keV and lower at 40–60 keV. 
Conclusions: Task-based image quality differed among VMI-energy and LBI dependent on the contrast 
task, dose level, phantom size, and lesion diameter. Image quality could be optimized by tailoring VMI-
energy to the contrast task. Considering the clinical relevance of iodine, VMIs at 50–60 keV could be 
proposed as an alternative to LBI.
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Introduction

In the last decade, beneficial applications of dual-energy 
CT (DECT) have been shown for different body regions 
(1-8). DECT offers the generation of so called virtual 
monoenergetic images (VMI) which can be used to increase 
CT attenuation of iodinated structures, to improve CT 
attenuation stability or to reduce metal artifacts (9-11).  
They can be reconstructed at different energies in 
kiloelectron Volt (keV) ranging from 40 to 200 keV (12). 
VMI at low-keVs improve the CT attenuation and therefore 
the contrast of iodinated structures potentially increasing 
the contrast-to-noise ratio (CNR). They are therefore often 
used in vascular and contrast-enhanced parenchymal CT 
imaging (5). VMI at high-keVs on the other hand, show 
a reduction of beam-hardening artefacts and are used to 
reduce metal artefacts (13).

The use of VMI images from DECT has demonstrated 
improved lesion conspicuity and potential for contrast 
medium reduction (14) at equal or even lower radiation doses 
compared to traditional single-energy CT (SECT) (15).  
This will potentially lead to increased acceptance and 
implementation of DECT protocols in routine clinical 
practice in the future. Following these lines, certain 
institutions now routinely reconstruct VMI at certain keVs 
that are optimized for the investigated body region and 
clinical task in addition to linear-blended images (LBI) 
that aim to simulate the image perception of traditional 
SECT images at 120 kVp. In a white paper of the Society of 
Computed Tomography and Magnetic Resonance, the use of 
VMI was suggested in abdominal imaging, e.g., to improve 
conspicuity of liver or pancreatic neoplasms in late arterial 
phase (16). Another multi-institutional consensus statement 
has reported preferred VMI-energies for abdominal exams, 
i.e., 50 keV to improve contrast and 70 keV to decrease  
noise (17). The increased application of VMI may establish 
them as the primary diagnostic image series used in CT 
imaging. However, the impact of VMI on objective image 
quality and diagnostic accuracy has to be systematically 
characterized to facilitate their routine use in clinical practice.

Recently, a report of the American Association of 
Physicists in Medicine (AAPM) Task Group (TG-233) 
has suggested standardized methods to objectively assess 
task-based image quality parameters (18). These methods 
include the noise power spectrum (NPS), the task transfer 
function (TTF), and the detectability index (d’). These task-
based metrics offer the possibility to compare different CT 
images based on their performance related to a diagnostic 

task and not solely based on the subjective perception of 
image quality by the reader (19). Especially d’ has shown 
promising results as a quality metric validated in clinical 
studies (20-22).

Because VMI at certain keVs have been described as being 
subjectively blotchy or patchy (23), potential differences 
in noise texture may influence detectability and hamper 
their widespread implementation into routine clinical 
practice. Recently, task-based image quality parameters 
have been investigated for VMI at 40–140 keV among four 
different DECT approaches (24) as well as for different 
reconstruction algorithms on a dual-source dual-energy  
CT (25). In both studies, the authors found differences in 
image noise texture, spatial resolution as well as d’ depending 
on the imaging setup and VMI-energy. However, both 
studies were limited to a single phantom size, an iodinated 
contrast task, a single lesion size and did not include LBI nor 
the full range of available VMI-energies.

Therefore, the purpose of our experimental study was 
to systematically investigate task-based image quality 
parameters of VMI compared to traditional LBI as a 
function of detection task, VMI-energy, patient size, lesion 
size, and radiation dose for dual-source dual-energy CT.

We present the following article in accordance with 
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/qims-21-477). 

Methods

This study conformed to the provisions of the Declaration 
of Helsinki (as revised in 2013). Ethical approval was not 
necessary because of the design as phantom study.

Phantom and scan setup

A commercially available task-based image quality phantom 
was used (Mercury Phantom 4.0, Sun Nuclear Corporation, 
Middleton, WI, USA). The phantom consists of polyethylene 
(nominal contrast of −95 HU at 120 kVp), has a length 
of 52 cm and five different size sections with diameters 
of 16, 21, 26, 31, and 36 cm, respectively (Figure 1).  
Of these size sections, the 16, 26, and 36 cm sections were 
analyzed to emulate a pediatric, an intermediate-sized 
adult, and a large-sized adult patients. Each size section 
has a subsection with uniform material to measure noise 
magnitude and noise texture using the NPS. Furthermore, 
each section has a subsection with five cylindrical inserts 
(each diameter of 2.54 cm) of different materials and 

https://dx.doi.org/10.21037/qims-21-477
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contrast properties to assess the spatial resolution as TTF. 
Of these inserts, the bone, polystyrene, and iodine inserts 
(iodine concentration of 10 mg/mL) with a nominal 
contrast to the background of +1,000, +50, and +335 HU, 
respectively, were used.

The phantom was imaged on a third-generation 
dual-source CT scanner (SOMATOM Force, Siemens 
Healthineers, Forchheim, Germany) in dual-energy mode 
using the vendor-specific protocol for DECT of the 
abdomen with the following parameters: collimation of  
64×0.6 mm, gantry rotation time of 0.5 s, pitch of 0.6, 
tube voltage of 100 kVp for tube A and 150 kVp for tube 
B with additional tin filtration (Sn150 kVp). CT scans 
were performed at three different dose levels with a target 
volume CT dose index (CTDIvol) of 5, 10, and 15 mGy by 
adjusting the tube current time product (mAs). Scans were 
repeated three times for each dose level. 

Datasets of the low- and high-energy spectra and LBI 
with a blending ratio of 0.6 were reconstructed at a slice 
thickness of 1.5 mm with an increment of 1 mm using a 
quantitative reconstruction kernel (Qr40) and an advanced 
modeled iterative reconstruction algorithm at a strength 
level of three (ADMIRE, Siemens Healthineers). These 
reconstruction parameters are recommended to perform 
dual-energy post-processing with the vendor-specific 
software. Here, a Qr-Kernel is optimized for quantitative 
analysis of dual-energy information. The field of view of the 

reconstruction was 420 mm.
The low- and high-energy datasets were used to create 

VMI using the vendor-specific workstation and a second-
generation VMI reconstruction algorithm (Syngo.via VB10, 
Dual-Energy Workflow, Monoenergetic Plus application, 
Siemens Healthineers). This algorithm reconstructs VMI 
from the image space domain using a frequency-split 
approach. For further details please refer to (27). VMI were 
reconstructed at 15 different energies ranging from 40 to 
190 keV at increments of 10 keV. Figure 2 shows example 
CT images of the insert sections for different phantom 
diameters, doses, and VMI-energies.

Image quality assessment

The linear-blended and VMI datasets were batch-processed 
using the open-source software suggested by AAPM TG-
233 for TB-IQ (imQuest, Duke University, Durham, NC, 
USA) (18). The software contains an automated procedure 
specifically developed for the phantom used in this study: 
for each of the phantom’s size sections, the procedure 
locates the five inserts and returns a discrete estimation of 
the NPS of the noise module (one per section), the TTF 
(one per section and insert), and the detectability index d’ 
(one per section and insert) in the resolution module.

Task-based image quality assessment of the image types 
was divided in three elements. First, image noise magnitude 

Figure 1 Phantom design. Schematic shows phantom with five cylindric size sections (left). Each section consists of subsections for noise 
and spatial resolution analysis. The spatial resolution subsection (right) had five cylindrical inserts of different materials of which bone, 
iodine, and polystyrene were investigated in this study. Image modified with permission from (26). 
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and noise texture were characterized by assessing the 
NPS and the normalized NPS (nNPS) (28). The software 
automatically classified the slices to use for NPS calculation 
by verifying the validity of a set of conditions (absence of 
task inserts, absence of landmark insert, anomalous HU 
values); typical numbers lie in the range 25–35. On each 
slice the software defined 8 square ROIs of size 30 mm 
× 30 mm, equally spaced in 45° radial increments. The 
bidimensional NPS was then calculated for each ROI and 
averaged over the ROIs and the slices, as per Eq. [1]:

( )

( )
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2
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1 1

    ,

1 1 ,
sl ROI

D x y

N N
x y

D s r s r
s rx y sl ROI

NPS f f

p p
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R R N N = =

 = − ∑∑
	  [1]

where px and py are the pixel size in the x- and y-directions, 
Rx and Ry are the ROI size in pixels along the x and y axis, 
respectively, Nsl and NROI are the numbers of slices and 
ROIs, FT is the Fourier transform and  ,s rROI  is the mean 
pixel value of each ROI measured using a second-order 
polynomial fitting. 

The software provided 1D radially averaged NPS curves, 
noise magnitude (pixel SD), and NPS average and peak 
spatial frequency (fav and fpeak). fpeak was used to compare 
noise texture. For nNPS, the NPS was normalized by a 
function of the ROI mean (29), namely the variance of the 
pixels in the ROI (30).

Second, resolution was measured for each insert using 
the spatial frequency at which the TTF reached 50% of 
its maximum (TTF50) (31,32). The software automatically 
classified the slices to use for TTF calculation by checking 

Figure 2 CT images of the insert sections for different values of dose, VMI-energy and section size. (A) LBI at three different section sizes at 
10 mGy; (B) LBI at three different dose levels for 26 cm; (C) VMI at different energy levels for 26 cm at 10 mGy. The position of the inserts 
matches that of Figure 1. The reconstruction field of view was 420 mm. VMI, virtual monoenergetic imaging; LBI, linear-blended images.
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for the presence of the task inserts which have a distinctive 
diameter; typical numbers lie in the range 25–35. On each 
ROI, the HU values of the pixels were plotted as a function 
of their distance to the insert center to calculate the edge 
spread function (ESF). Deriving the ESF returned the 
line spread function (LSF) and the TTF was calculated by 
taking the normalized Fourier transform of the LSF. The 
TTF calculations were performed on each slice separately 
and then averaged. If the CNR of any slice was too low for 
the TTF to be significant (28), the analysis was performed 
on a single ESF ensemble using all the slices at once.

Third, the detectability index d’ served as a metric for 
overall image quality because it aims to measure how well 
a certain material can be detected in the presence of noise 
(31,33). In this phantom setup, d’ represents the task of 
detecting a uniform circular contrast object of a certain 
size on a uniform background. The d’ values are calculated 
using a non-prewhitening matching filter (NPW) as model 
for the observer (18) according to the Eq. [2]:
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Here, Wtask describes a 2D circular shape representing a 
lesion. Table 1 reports the parameters used by the software 
to model the lesion.

We decided to analyze the bone, iodine, and polystyrene 
inserts, as they mimic contrast differences encountered 
in abdominal studies in patients. Here, the bone insert 
served as an unenhanced high-contrast task (e.g., calcium-
containing stone), the iodine insert as a contrast-enhanced 

high-contrast task (e.g., enhanced vascular or strongly 
enhancing parenchymal structure as for example a 
hepatocellular carcinoma), and the polystyrene insert as 
an unenhanced low-contrast task (e.g., non-vascular lesion 
or hematoma). In addition, the detectability index d’ was 
estimated for different simulated diameters of the three 
inserts varying from 3 to 10 mm. For each VMI-energy 
we therefore calculated 24 values (3 dose levels times 8 
diameter sizes).

Results

Noise properties

Results of the NPS and nNPS as a function of image 
type and radiation dose are summarized in Figure 3A-3C,  
Tables 2-4, Tables S1-S4 and for the full frequency range in 
Figures S1,S2 of the Supplemental file. 

Noise magnitude increased with decreasing radiation 
dose (e.g., for the intermediate size at 40 keV from 17.1 HU 
at 15 mGy to 27.6 HU at 5 mGy) and with decreasing VMI-
energy (from 12.6 HU at 190 keV and 5 mGy to 27.6 HU 
at 40 keV and 5 mGy) for all three sizes. Noise magnitude 
was higher for VMI at 40, 50, and 60 keV compared to the 
LBI for all three radiation doses (Figure 3A). 

Differences in noise texture (nNPS) were found for 
both very low and very high VMI-energies (40–60 keV, 
130–190 keV) with a stronger noise contribution in the 
low spatial frequency region between 0.0 and 0.1 mm−1  
(Figure 3B). VMI at 60-80 keV demonstrated similar noise 
texture compared to LBI. Furthermore, a slight frequency 
shift to lower frequencies was found with increasing size 
(Figure 3B,3C).

Resolution properties

Results of spatial resolution (TTF) as a function of 
insert, image type, and radiation dose are summarized in  
Figure 4A-4C and Table 5. 

Overall, the shape of the TTFs was unaffected by all 
three parameters for the bone and iodine inserts, indicating 
similar in-plane spatial resolution for high-contrast tasks 
(Figure 4A). The only exception was VMI at 190 keV for 
the iodine insert which showed decreased spatial resolution. 
For the polystyrene insert representing the low-contrast 
task, higher TTF50-frequencies were observed at low VMI-
energies of 40–60 keV, indicating higher in-plane spatial 
resolution. This effect was on average pronounced at the 

Table 1 Parameters used for the calculation of the detectability  
index d’

d’ parameter Value

Observer model NPW 

Task contrast Contrast of simulated lesion

Task diameter Diameter of simulated lesion

Weight coefficient (n) 1

Noise geometry 2D

Pixel number 300×300

Pixel size 0.05 mm

Field of view 15 mm

NPW, non-prewhitening matching filter.

https://cdn.amegroups.cn/static/public/QIMS-21-477-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-477-supplementary.pdf
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Table 2 Noise magnitude as a function of image type and radiation dose

Image type
Radiation dose, noise magnitude (HU)

5 mGy 10 mGy 15 mGy

Linear-blended images 14.3±0.03 10.4±0.03 8.4±0.02

VMI 40 keV 27.6±0.08 (+93.7%) 20±0.05 (+92.7%) 17.1±0.02 (+102%)

VMI 50 keV 20.3±0.01 (+42.3%) 14.8±0.03 (+41.9%) 12.4±0.03 (+46.1%)

VMI 60 keV 15.8±0.01 (+10.8%) 11.5±0.02 (+11.5%) 9.5±0.02 (+12.5%)

VMI 70 keV 13.2±0.04 (−7.6%) 9.6±0.02 (−7.4%) 7.8±0.04 (−7.7%)

VMI 80 keV 12.2±0.07 (−14.6%) 8.8±0.02 (−14.4%) 7.2±0.03 (−15.3%)

VMI 90 keV 12.3±0.08 (−14.0%) 9.0±0.03 (−13.2%) 7.3±0.02 (−13.6%)

VMI 130 keV 12.5±0.06 (−12.6%) 9.2±0.02 (−12.0%) 7.5±0.03 (−11.5%)

VMI 190 keV 12.6±0.05 (−11.6%) 9.2±0.02 (−11.6%) 7.5±0.02 (−10.8%)

Absolute and relative noise magnitude values of each VMI-energy compared to the linear-blended images for each of the three radiation 
doses at the intermediate phantom size (26 cm). Linear-blended images (LBI) served as reference standard. Values are given as mean 
± standard deviation. Percentage change in noise magnitude of each VMI-energy compared to LBI is given in brackets. VMI, virtual  
monoenergetic imaging

Table 3 Peak noise frequency as a function of image type and radiation dose

Image type
Radiation dose, peak noise frequency (mm−1)

5 mGy 10 mGy 15 mGy

Linear-blended images 0.178±0.007 (0%) 0.189±0.001 (0%) 0.157±0.005 (0%)

VMI 40 keV 0.079±0.001 (−56%) 0.079±0.002 (−58%) 0.079±0.013 (−50%)

VMI 50 keV 0.163±0.007 (−9%) 0.184±0.020 (−3%) 0.189±0.020 (+20%)

VMI 60 keV 0.163±0.007 (−9%) 0.189±0.013 (0%) 0.189±0.007 (+20%)

VMI 70 keV 0.168±0.007 (−6%) 0.189±0.013 (0%) 0.189±0.013 (+20%)

VMI 80 keV 0.168±0.015 (−6%) 0.184±0.007 (−3%) 0.189±0.013 (+20%)

VMI 90 keV 0.168±0.015 (−6%) 0.184±0.007 (−3%) 0.142±0.007 (−10%)

VMI 130 keV 0.094±0.007 (−47%) 0.100±0.007 (−47%) 0.094±0.007 (−40%)

VMI 190 keV 0.079±0.013 (−56%) 0.084±0.007 (−56%) 0.079±0.007 (−50%)

Absolute and relative peak noise frequency (fpeak) values of each VMI-energy compared to the linear-blended images for each of the three 
radiation doses at the intermediate phantom size (26 cm). Linear-blended images (LBI) served as reference standard. Values are given as 
mean ± standard deviation. Percentage change in noise magnitude of each VMI-energy compared to LBI is given in brackets. VMI, virtual 
monoenergetic imaging.

lowest radiation dose (Figure 4B,4C). This increased spatial 
resolution is also highlighted in the corresponding edge 
spread functions (ESF) as an increase in the slope of the 
ESF curves at low VMI-energies for the polystyrene insert 
(Figure S3 in the Supplemental file).

Detectability properties

Results of the detectability index for each insert as a 
function of image type, radiation dose, phantom size, and 
lesion diameter are visualized in Figure 5A-5C. 

https://cdn.amegroups.cn/static/public/QIMS-21-477-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-477-supplementary.pdf
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Table 4 Average noise frequency as a function of image type and radiation dose

Image type
Radiation dose, average noise frequency (mm−1)

5 mGy 10 mGy 15 mGy

Linear-blended images 0.265±0.001 (0%) 0.273±0.002 (0%) 0.273±0.001 (0%)

VMI 40 keV 0.245±0.002 (−8%) 0.254±0.001 (−7%) 0.256±0.003 (−6%)

VMI 50 keV 0.256±0.002 (−4%) 0.264±0.001 (−3%) 0.265±0.002 (−3%)

VMI 60 keV 0.264±0.002 (−1%) 0.271±0.002 (−1%) 0.272±0.007 (−0%)

VMI 70 keV 0.267±0.001 (+0%) 0.273±0.007 (−0%) 0.275±0.013 (+1%)

VMI 80 keV 0.264±0.001 (−0%) 0.271±0.003 (−1%) 0.272±0.007 (−1%)

VMI 90 keV 0.261±0.001 (−2%) 0.268±0.009 (−2%) 0.267±0.007 (−2%)

VMI 130 keV 0.251±0.001 (−6%) 0.259±0.013 (−5%) 0.255±0.001 (−7%)

VMI 190 keV 0.246±0.007 (−8%) 0.255±0.007 (−7%) 0.249±0.007 (−9%)

Absolute and relative average noise frequency (fav) values of each VMI-energy compared to the linear-blended images for each of the three 
radiation doses at the intermediate phantom size (26 cm). Linear-blended images (LBI) served as reference standard. Values are given as 
mean ± standard deviation. Percentage change in noise magnitude of each VMI-energy compared to LBI is given in brackets. VMI, virtual 
monoenergetic imaging.

For all image types and inserts, the detectability index 
increased with increasing radiation dose, decreasing 
phantom size, and increasing lesion diameter. The increase 
in d’ with increasing radiation dose was non-linear showing 
a stronger increase between 5 and 10 mGy than between 10 
and 15 mGy. 

For the bone and iodine insert (high-contrast tasks), 
d’ was higher for VMI at 40–80 keV compared to LBI 
at all three radiation doses. For both inserts, d’ dropped 
substantially at higher VMI-energies (Figure 6). D’ was 
highest for 60 keV for the high-contrast bone task and for 
50 keV for the high-contrast iodine task.

For the polystyrene insert (low-contrast task), a higher 
d’ was found for VMI at 70–90 keV while d’ was lower for 
VMI at 40–60 keV (Figure 6). 

Discussion

In this study we systematically characterized task-based 
image quality metrics of VMI compared to traditional 
LBI from dual-energy CT. As VMI have become 
increasingly accepted as an alternative to conventional 
SECT images, particularly in abdominal CT, objective 
task-based characterization of their image quality has 
become important to benchmark and ensure diagnostic 
accuracy throughout the process of clinical implementation. 
Our results suggest that the detectability improved with 
increasing radiation dose, decreasing phantom size, and 

increasing lesion diameter, and differed depending on the 
VMI-energy and contrast task. Averaged across all settings, 
the detectability index d’ was highest for VMI at 60 keV 
for the high-contrast bone task, for VMI at 50 keV for the 
high-contrast iodine task, and for VMI at 70–80 keV for 
the unenhanced low-contrast task (polystyrene). Taking 
into account the prevalence and clinical role of contrast-
enhanced imaging, e.g., in parenchymal lesion detection 
and vascular imaging, we consider the iodine contrast task 
as the task with the highest clinical impact out of the three 
investigated tasks. Therefore, our findings suggest VMI at 
50–60 keV as an overall comparable to superior alternative 
to LBI.

Noise magnitude and texture

Assessment of the NPS revealed, as expected, decreasing 
noise magnitude with increasing radiation dose level and 
decreasing phantom size. Moreover, noise magnitude 
increased substantially for low-keV VMI-energies. Noise 
texture was comparable for the majority of VMI-energies 
with the exception of very low- and very-high keVs. These 
showed frequency shifts to lower frequencies compared to 
LBI indicating blotchier noise texture. This finding is in 
line with the results by Greffier et al. who found a peak in 
the average spatial frequency at 70 keV with a shift towards 
lower frequencies from 70–40 and 70–100 keV on the same 
dual-source DECT system (25). We found comparable noise 
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Figure 4 Resolution properties. TTF as a function of the image type, radiation dose level, and phantom size for all tasks (A), for the 
polystyrene task (B), and for 40 keV (C). (A) TTF as a function of the image type, radiation dose level, and phantom size. Standard errors 
are reported as colored areas. TTF was stable across all three parameters for the bone and iodine insert (top and middle row). For the 
polystyrene insert (bottom row), higher TTF50-frequencies were observed at low VMI-energies of 40–60 keV. This effect was stronger at 
lower radiation dose for all three phantom sizes. Of note, VMI-energies of 70, 110–120, and 140–180 keV are not displayed because they 
demonstrated similar shape compared to adjacent keVs. (B) TTF of polystyrene (low-contrast task) as a function of the image type, radiation 
dose level, and phantom size, for LBI and low VMI-energies. Higher TTF50-frequencies were observed at low VMI-energies of 40–60 keV. 
This effect increased with decreasing radiation dose. (C) TTF as a function of the contrast task, radiation dose level, and phantom size, for  
40 keV. Standard errors are reported as colored areas. At this energy the low contrast task (polystyrene) consistently resulted in higher 
TTF50-frequencies indicating increase in-plane spatial resolution. TTF, task transfer function; VMI, virtual monoenergetic imaging.
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Table 5 Resolution properties as a function of image type and radiation dose 

Image type

Radiation dose

5 mGy 10 mGy 15 mGy

Bone Iodine Poly Bone Iodine Poly Bone Iodine Poly

Linear-blended 0.37±0.003 0.35±0.01 0.34±0.04 0.39±0.001 0.37±0.004 0.34±0.013 0.39±0.04 0.38±0.013 0.32±0.04

VMI 40 keV +1.8% −4.5% +27.7% +1.4% −6.1% +40.0% +1.5% −5.9% +6.3%

VMI 50 keV +1.7% −2.8% +14.6% +1.3% −4.1% +19.1% +1.5% −4.1% +3.6%

VMI 60 keV +1.6% −0.5% +7.3% +1.3% −1.5% +8.2% +1.4% −1.5% +0.8%

VMI 70 keV +1.4% +2.1% +1.2% +1.2% +1.8% +2.5% +1.3% +1.4% −0.6%

VMI 80 keV +0.2% +0.4% −5.4% +0.2% +0.7% −3.8% +0.2% +0.6% −3.3%

VMI 90 keV −1.0% −1.6% −9.4% −0.8% −0.8% −6.2% −0.8% −0.4% −0.6%

VMI 130 keV −3.7% −10.6% −15.6% −3.2% −5.7% −11.0% −3.3% −4.8% −6.9%

VMI 190 keV −5.4% −28.0% −16.8% −4.7% −10.2% −12.3% −4.9% −9.6% −5.7%

Task transfer function-frequency shift (TTF50) for each VMI-energy relative to the linear-blended images as a function of insert type and  
radiation dose at the intermediate phantom size (26 cm). Data is reported to illustrate general trends. For non-iodinated tasks, a  
monotonic behavior of VMI energies was found with decreasing resolution as the VMI-energy increases. For the iodinated task worse  
resolution compared to LBI was found at low and high energies and slightly improved resolution at 70–80 keV. Data indicates TTF50 in  
cycles per mm with standard deviation for linear-blended images as the reference standard. Data for VMI-energies is giving in percentage  
change compared to the reference. A positive change indicates a higher spatial frequency and therefore a higher in-plane spatial  
resolution. VMI, virtual monoenergetic imaging.

A
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Figure 5 Detectability index. Detectability index (d’) as a function of image type, radiation dose, phantom size, and lesion diameter for bone 
(A), iodine (B), and polystyrene (C). (A) Detectability index (d’) for the bone insert. Detectability index was highest at 60 keV and increased 
at higher radiation dose and smaller phantom size. Of note, the dashed line indicates the d’ of the LBI for the 10 mm lesion as a reference. 
(B) Detectability index (d’) for the iodine insert. Detectability index was highest at 50 keV and increased at higher radiation dose and smaller 
phantom size. Of note, the dashed line indicates the d’ of the LBI for the 10 mm lesion as a reference. (C) Detectability index (d’) for the 
polystyrene insert. Detectability index was highest at 70 keV and increased at higher radiation dose and smaller phantom size. Of note, the 
dashed line indicates the d’ of the LBI for the 10 mm lesion as a reference. LBI, linear-blended images.

B

C
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magnitude and noise texture to LBI for VMI at 70–90 keV 
which confirms prior reports of similar appearance of VMI 
at 75 keV compared to traditional images at 120 kVp (32).  
In addition, we found a slight shift to lower frequency 
noise content at lower radiation dose. To compensate for 
these low signal conditions, the scanner and reconstruction 
algorithm applied low-signal corrections, which led to a 
stronger smoothing during the reconstruction process (32). 
The increased noise magnitude of low-keV VMI-energies 
could be reduced in the future by applying advanced 
denoising techniques, e.g., prior-knowledge-aware iterative 
denoising (mono-PKAID) (23). PKAID demonstrated 
decreased image noise compared to the second-generation 
VMI algorithm used in this study which consecutively 
improved iodine CNR (23). 

Spatial resolution

Assessment of spatial resolution properties revealed no 
dependence of the TTF on the radiation dose level, 
phantom size, or the VMI-energy for both high-contrast 
tasks (bone and iodine). However, a right shift to higher 
frequencies of the TTF50 was found for the low-contrast 
polystyrene insert for low-energy VMI (40–60 keV), 
indicating higher in-plane spatial resolution. An increase 
in spatial resolution at low keV-energies has been also 

described by Greffier et al. in three studies in which an 
acrylic insert was used. Here, the highest TTF50 values 
were found for VMI at 40 keV and a shift towards lower 
frequencies was observed with increasing VMI-energy 
(24,25,34). The authors hypothesized that this finding was 
related to changes of the enhancement of the border of the 
acrylic insert with decreasing VMI-energy which introduced 
on overshoot on the edge spread function (ESF) curves 
which improved the TTF (24,34). We observed the same 
effect for the polystyrene in our study as demonstrated by 
the increased slopes of the ESF curves at low VMI-energies. 
We therefore think that this increased spatial resolution is 
mainly caused by the insert material and not a true property 
of VMI images of this contrast task. However, despite the 
measured improvement in spatial resolution, lower d’-values 
were found for the low-contrast task at 40–60 keV VMI 
which might be caused by the increased low-frequency 
noise found in the NPS of these images.

Detectability

VMI at  low-energies  (e .g . ,  40–60 keV) achieved 
substantially higher d’-values for the high-contrast tasks 
despite inferior noise properties compared to LBI. We 
attribute this to the increased CT-attenuation and contrast 
of bone and iodine at lower energies. This finding is in line 
with results of former clinical studies that demonstrated 
benefits using VMI at low-keVs for imaging of contrast-
enhanced structures, e.g., vascular imaging (35,36). 
Interestingly, d’ increased slightly from 40 to 50 keV for the 
iodine contrast task before decreasing with increasing VMI-
energy. This behavior is comparable to the insert with lower 
iodine concentration (2 mgI/mL) in the study by Greffier 
et al. (25) while it differs from the insert with higher iodine 
concentration (4 mgI/mL) for which a decrease of d’ was 
observed for VMI-energies higher than 40 keV (24,25).

As a general observation, our results indicate that the 
optimization of VMI-energy offers potential for dose 
reduction. In many cases, d’-values of LBI can be achieved 
using certain VMI-energies of a lower radiation dose, 
e.g., for the iodine insert the d’ of the LBI at 15 mGy 
were comparable to the d’ of 70 keV-VMI at 5 mGy. This 
indicates potential for dose reduction if VMI are properly 
chosen dependent on the clinical task (high vs. low-contrast 
task).

We observed similar trends among the VMI-energies 
for the three inserts for all simulated lesion diameters with, 
as expected, increasing d’ at increasing lesion diameter. 

Figure 6 Detectability index (d’) as a function of VMI-energy and 
task. Graphs show data for the 26 cm phantom size at 10 mGy and 
a simulated lesion diameter of 5 mm. Dashed lines depict the d’ of 
the LBI for each insert. Both high-contrast tasks (bone and iodine) 
demonstrated higher d’ at low keVs of 40–80 keV compared to 
LBI. For the low-contrast task (polystyrene), d’ was lower for VMI 
at 40–60 keV. VMI, virtual monoenergetic imaging; LBI, linear-
blended images.
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Furthermore, we observed the same trends for all three 
simulated patient sizes.

The results of our study indicate that the optimal VMI-
energy depends on the contrast task. The low-contrast 
task in our study aimed to emulate a non-enhancing low-
contrast lesion as for example a cystic lesion, a hematoma 
or a necrotic lesion after therapy. Our findings highlight 
that the optimal detectability for lesion with these contrast 
properties differs from highly vascular/strongly iodine 
enhancing lesions. Interpreting our findings in regards to 
clinical relevance, we consider the iodine contrast task as the 
task with the highest clinical impact due to the frequency 
of contrast-enhanced image studies in diagnostic imaging 
and the role of iodine-enhancement in lesion detection and 
characterization. While the iodine concentration in our 
study was rather high (10 mgI/mL), it was in the reported 
range of highly vascular tumors as for example hepatocellular 
carcinoma (37). Based on our results, we suggest VMIs at 
50–60 keV as most useful in a clinical context in addition 
or as a surrogate for LBI yielding comparable or higher d’-
values for all three contrast tasks at all three sizes. This is 
comparable to the results of former clinical studies in which 
low-energy VMIs of 40–60 keV demonstrated improved 
lesion delineation [e.g., 40 keV in hypoattenuating liver 
metastasis (38) and improved lesion conspicuity (39),  
e .g. ,  50 keV in hypervascular  l iver les ions (40)] .  
Furthermore, a comparable VMI-energy of 50 keV was 
proposed by Zhou et al. who found a greater or similar 
iodine CNR and iodine detectability compared to traditional 
images from single-energy CT in an abdominal phantom 
simulating liver lesions (41) and compared to iodine maps 
from photon-counting detector CT (42). A difference to 
our study was the use of a photon-counting detector CT, 
the comparison of VMI to single-energy images instead of 
LBI and the use of a channelized Hotelling observer (CHO) 
for lesion detectability. The results by Zhou et al. and our 
study promote the standard use of VMIs at 50 or 60 keV 
for contrast-enhanced imaging which could reduce the 
complexity of VMI imaging from a workflow perspective 
in which the user/radiologist typically has to choose from a 
large number of possible VMI-energies.

Limitations

First, there are inherent limitations of using phantoms 
instead of human/patient data. This includes also the 
shape of the phantom which did not resemble the 
anthropomorphic shape of a human body. In addition, 

the phantom modules were homogeneous and did not 
include heterogeneous texture as typically found in certain 
human organs. Heterogeneous texture has shown to impact 
detectability for different reconstruction algorithms (43) and 
its effect in VMI is unknown. Second, we did not assess the 
impact of automatic tube current modulation. We purposely 
deactivated the automatic tube current modulation for this 
study because we wanted to analyze the impact of size and 
radiation dose on task-based image quality metrics in a 
standardized and controlled fashion. Third, the materials of 
the phantom and inserts did not perfectly emulate human 
tissues or pathologies. However, the concept of high-contrast 
task with and without iodine as well as low-contrast tasks is 
a reasonable extrapolation for common tasks in diagnostic 
imaging. Forth, we have only investigated one possible tube 
voltage combination (100/Sn150 kVp) of the dual-source 
DECT. However, we do not expect significant changes in the 
trends of task-based image quality observed in our study at 
lower tube voltage combinations. Fifth, we did not investigate 
the impact of different reconstruction algorithms, kernels or 
denoising on the d’ among VMIs. Reconstruction algorithms 
and kernels alter noise texture and spatial resolution which 
impacts d’ dependent on the contrast task. Nevertheless, we 
hypothesize that the trends among VMI and LBI observed in 
our study would remain similar.

Conclusions

In conclusion, results of our study suggest that task-based 
image quality metrics, e.g., the detectability index, differ 
among different energies of VMI depending on the contrast 
task. Detectability increased with increasing radiation 
dose and decreasing size. An improved detectability index 
or a reduced radiation dose compared to traditional LBI 
can be achieved by tailoring the use of VMI-energies to 
the diagnostic task at hand. Considering clinical relevance 
of iodine, VMIs at 50–60 keV could be proposed as an 
alternative to LBI. 
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Supplementary

Table S1 Peak noise frequency as a function of image type and radiation dose

Image type
Radiation dose, peak noise frequency (mm−1)

5 mGy 10 mGy 15 mGy

Linear-blended images 0.184±0.007 (0%) 0.184±0.007 (0%) 0.173±0.003 (0%)

VMI 40 keV 0.079±0.003 (−57%) 0.084±0.007 (−54%) 0.079±0.007 (−55%)

VMI 50 keV 0.184±0.007 (0%) 0.173±0.013 (−6%) 0.173±0.007 (0%)

VMI 60 keV 0.184±0.007 (0%) 0.173±0.013 (−6%) 0.189±0.013 (+9%)

VMI 70 keV 0.189±0.013 (+3%) 0.173±0.013 (−6%) 0.189±0.015 (+9%)

VMI 80 keV 0.173±0.013 (−6%) 0.178±0.015 (−3%) 0.173±0.007 (0%)

VMI 90 keV 0.168±0.015 (−9%) 0.178±0.015 (−3%) 0.173±0.013 (0%)

VMI 130 keV 0.100±0.007 (−46%) 0.084±0.007 (−54%) 0.079±0.013 (−55%)

VMI 190 keV 0.079±0.000 (−57%) 0.079±0.000 (−57%) 0.079±0.013 (−55%)

Absolute and relative peak noise frequency (fpeak) values of each VMI-energy compared to the linear-blended images for each of the three 
radiation doses at the pediatric phantom size (16 cm). Linear-blended images (LBI) served as reference standard. Values are given as 
mean±standard deviation. Percentage change in noise magnitude of each VMI-energy compared to LBI is given in brackets. VMI, virtual 
monoenergetic imaging.

Table S2 Peak noise frequency as a function of image type and radiation dose

Image type
Radiation dose, peak noise frequency (mm−1)

5 mGy 10 mGy 15 mGy

Linear-blended images 0.147±0.007 (0%) 0.163±0.015 (0%) 0.173±0.007 (0%)

VMI 40 keV 0.079±0.003 (−46%) 0.079±0.003 (−52%) 0.079±0.003 (−55%)

VMI 50 keV 0.115±0.020 (−21%) 0.163±0.020 (0%) 0.173±0.007 (0%)

VMI 60 keV 0.136±0.007 (−7%) 0.168±0.020 (+3%) 0.173±0.0013 (0%)

VMI 70 keV 0.147±0.007 (0%) 0.168±0.020 (+3%) 0.173±0.013 (0%)

VMI 80 keV 0.136±0.007 (−7%) 0.168±0.020 (+3%) 0.173±0.015 (0%)

VMI 90 keV 0.131±0.015 (−11%) 0.163±0.015 (0%) 0.173±0.007 (0%)

VMI 130 keV 0.089±0.007 (−39%) 0.094±0.007 (−42%) 0.110±0.013 (−36%)

VMI 190 keV 0.079±0.003 (−46%) 0.079±0.007 (−52%) 0.079±0.013 (−55%)

Absolute and relative peak noise frequency (fpeak) values of each VMI-energy compared to the linear-blended images for each of the three 
radiation doses at the large phantom size (36 cm). Linear-blended images (LBI) served as reference standard. Values are given as mean 
± standard deviation. Percentage change in noise magnitude of each VMI-energy compared to LBI is given in brackets. VMI, virtual  
monoenergetic imaging.
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Table S3 Average noise frequency as a function of image type and radiation dose

Image type
Radiation dose, average noise frequency (mm−1)

5 mGy 10 mGy 15 mGy

Linear-blended images 0.274±0.001 (0%) 0.275±0.002 (0%) 0.274±0.001 (0%)

VMI 40 keV 0.258±0.001 (−6%) 0.259±0.001 (−6%) 0.258±0.001 (−6%)

VMI 50 keV 0.267±0.001 (−2%) 0.269±0.001 (−2%) 0.268±0.001 (−2%)

VMI 60 keV 0.273±0.001 (−0%) 0.274±0.001 (−0%) 0.275±0.001 (+0%)

VMI 70 keV 0.274±0.001 (+0%) 0.275±0.001 (+0%) 0.276±0.002 (+1%)

VMI 80 keV 0.271±0.001 (−1%) 0.272±0.002 (−1%) 0.272±0.002 (−1%)

VMI 90 keV 0.267±0.001 (−2%) 0.268±0.001 (−2%) 0.268±0.001 (−2%)

VMI 130 keV 0.259±0.001 (−5%) 0.258±0.001 (−6%) 0.257±0.001 (−6%)

VMI 190 keV 0.255±0.001 (−7%) 0.253±0.001 (−8%) 0.253±0.001 (−8%)

Absolute and relative average noise frequency (fav) values of each VMI-energy compared to the linear-blended images for each of the three 
radiation doses at the pediatric phantom size (16 cm). Linear-blended images (LBI) served as reference standard. Values are given as 
mean ± standard deviation. Percentage change in noise magnitude of each VMI-energy compared to LBI is given in brackets. VMI, virtual 
monoenergetic imaging.

Table S4 Average noise frequency as a function of image type and radiation dose

Image type
Radiation dose, average noise frequency (mm−1)

5 mGy 10 mGy 15 mGy

Linear-blended images 0.237±0.002 (0%) 0.264±0.001 (0%) 0.273±0.001 (0%)

VMI 40 keV 0.219±0.001 (−8%) 0.246±0.002 (−7%) 0.255±0.001 (−7%)

VMI 50 keV 0.228±0.001 (−4%) 0.255±0.001 (−4%) 0.264±0.002 (−3%)

VMI 60 keV 0.235±0.001 (−1%) 0.262±0.001 (−1%) 0.270±0.002 (−1%)

VMI 70 keV 0.237±0.001 (+0%) 0.265±0.001 (+0%) 0.273±0.001 (+0%)

VMI 80 keV 0.236±0.001 (−0%) 0.264±0.001 (−0%) 0.272±0.001 (−0%)

VMI 90 keV 0.232±0.001 (−2%) 0.260±0.001 (−2%) 0.269±0.001 (−2%)

VMI 130 keV 0.221±0.001 (−7%) 0.250±0.000 (−6%) 0.258±0.001 (−5%)

VMI 190 keV 0.216±0.001 (−9%) 0.244±0.000 (−8%) 0.253±0.001 (−7%)

Absolute and relative average noise frequency (fav) values of each VMI-energy compared to the linear-blended images for each of the 
three radiation doses at the large phantom size (36 cm). Linear-blended images (LBI) served as reference standard. Values are given as 
mean ± standard deviation. Percentage change in noise magnitude of each VMI-energy compared to LBI is given in brackets. VMI, virtual  
monoenergetic imaging.
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Figure S1 Noise power spectrum. Noise power spectrum as a function of the image type, radiation dose level, and phantom size for the 
full frequency range. Overall noise magnitude increased with increasing phantom size and decreasing radiation dose. Furthermore, noise 
magnitude was higher for 40–60 keV compared to the LBI. Please note the differences in the y-axis scale for the NPS. VMI-energies of 90, 
110–120, and 140–180 keV are not displayed because they demonstrated similar shape compared to adjacent energies. LBI, linear-blended 
images; VMI, virtual monoenergetic imaging.
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Figure S2 Normalized noise power spectrum. Normalized noise power spectrum as a function of the image type, radiation dose level, and 
phantom size for the full frequency range. A low frequency peak was observed for low (40–60 keV) and high keVs (130–190 keV). Of note, 
VMI-energies of 90, 110–120, and 140–180 keV are not displayed because they demonstrated similar shape compared to adjacent energies. 
VMI, virtual monoenergetic imaging.
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Figure S3 Edge spread function. ESF as a function of the contrast task, image type and radiation dose level for the 36 cm section (A). 
Magnified graphs with a limited x-axis range are given in (B) to highlight the differences between the VMI-energies for the polystyrene 
insert. Please note the increase in the slope of the ESF at low VMI-energies of 40–60 keV for the polystyrene insert indicating improved 
spatial resolution. ESF, edge spread function; VMI, virtual monoenergetic imaging.
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