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Introduction

Dual-energy computed tomography (DECT), also 
called spectral CT, gained importance during recent 
years along with the development of different clinical 
applications. It provides opportunities for advanced 
material characterization by using the attenuation at two 

or more energy levels (i.e., tube voltages) to deduce the 
effective atomic number (effective Z) of an object (1,2). 
Especially materials with high effective Z such as iodinated 
contrast media can be visualized through their difference 
in attenuation by the photoelectric effect and Compton 
scattering, which can be expressed by a material-specific 
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gradient (3,4).
DECT is therefore interesting for applications with 

contrast media (5,6), e.g., the reconstruction of virtual 
non-enhanced images (7,8) or iodine maps (9,10). The 
quantification of iodine uptake using DECT iodine maps in 
patients with squamous cell carcinomas showed value for the 
prediction of recurrence after radiotherapy (11). However, 
DECT also allows to reconstruct virtual blended images 
(VBIs) and virtual monochromatic images (VMIs). VBIs 
are calculated as average of the differently weighted DECT 
source images (12) and aim to imitate conventional single 
energy CT (SECT) images. They can be reconstructed at 
variable energy levels and thereby simulate the whole X-ray 
spectrum of a conventional CT machine (e.g., 80, 100 or 
120 kilovolt peak; kVp). VMIs simulate patient imaging 
with a monochromatic beam instead of an X-ray spectrum 
as used for single energy CT (e.g., 70 kiloelectronvolt; 
keV). VMIs with low keV can increase the image contrast 
and thus compensate low contrast medium concentrations  
(13-15). VMIs with high keV allow for the reduction of 
metal artefacts, e.g., of dental implants (16-18). 

While the diagnostic benefits of DECT are at hand, it 
is controversial if the application of DECT exhibits more 
radiation exposure compared to SECT or if DECT can 
be performed while maintaining or improving the image 
quality with the same dose as SECT (19-21). To this end, 
we wanted to extrapolate optimal tube current settings from 
a variety of combinations that would result in the best ratio 
of image quality and radiation exposure. For this study, we 
used a novel anthropomorphic three-dimensional printed 
phantom based on a clinical CT-scan of the neck and 
performed different SECT and DECT scans and a variety 
of DECT post-processing procedures. The phantom 
allowed for repeated measurements at different energy 
levels and with varying radiation exposure while imitating 

the anatomy of a patient. The aim of the study was to 
deduce optimal tube current settings for a DECT scan of 
the neck with acceptable image quality and lowest possible 
radiation exposure compared to clinical standard SECT.

Methods 

Phantom

A radiopaque 3D printed neck phantom was used for 
simulation of patient imaging (see Figure 1). This approach 
allowed for a large number of repeated exposures and 
measurements in an anatomically accurate object, which is 
not possible with conventional phantoms or patient cohorts. 
The phantom has precise density values that reflect different 
iodine concentrations and, thus, contrast enhancement. 
The anatomical correctness takes into account the patients’ 
microstructure and possible geometrical artefacts. The 
phantom was manufactured from a random clinical 
contrast enhanced CT scan of a patient. The CT images 
were printed with aqueous potassium iodide doped ink  
(600 mg/mL) on paper using previously published methods to 
reproduce patient anatomy and attenuation values (22). The 
printed paper sheets were then assembled to a phantom using 
paper-based 3D printing, where the paper sheets are stacked, 
glued and cut to the patient shape (23). The phantom thus 
consisted of a paper base material, potassium iodide and glue. It 
covered 22.5 cm in z-axis and had the same size and contour as 
the patient. Internal airways (e.g., pharynx) were represented by 
unprinted paper, which was not removed from this phantom.

Scanning protocol

A 320 rows detector CT system (Canon Aquilion One 
Vision edition; Canon Medical Systems) was used for image 
acquisition. The scanning protocol consisted of a standard 
scanogram, a set of four clinical single-energy CTs (SECT) 
that were used as standard of reference for most image quality 
evaluations and a set of dual-energy CT (DECT) scans to 
provide the basic datasets for the following reconstructions. 
The SECT and DECT scans were performed in volume 
mode using a medium field-of-view without table movement. 

SECT scanning protocol 
Four scans with different tube voltages were acquired 
using clinical standard settings for the neck with enabled 
automated exposure control [standard deviation (SD) value 
of 12 and a maximum tube current of 600 mA], which 

Figure 1 Photography of the phantom. 
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reflects the standard of clinical care in our institution. The 
applied tube voltages were 80, 100, 120 and 135 kVp. Thus, 
the whole spectrum of the CT machine was used. For a 
better comparison with the DECT datasets, a volume scan 
technique with 16 cm z-axis coverage and a rotation time 
of 0.5 s was used instead of a spiral scan. The volume mode 
utilizes the whole width of the detector (16 cm, 320 rows) 
without table movement, thus, acquiring up to 640 images 
in one gantry rotation. 

DECT scanning protocol
Six DECT scans were performed with 80 and 135 kVp tube 
voltage and an ascending order of tube currents (30, 55, 
115, 230 and 400 mAs for 80 kVp and 5, 10, 20, 40, 80 and  
160 mAs for 135 kVp). No tin-filter was applied. The 
automatic exposure control was disabled to allow a structured 
thorough analysis of low and high radiation exposure within 
the limits of the scanning system. The rotation time was 0.5 s.

Image reconstruction

We used a medium soft tissue kernel without beam 
hardening compensation (FC13) for the reconstruction of 
each volume dataset to 0.5 mm isotropic voxel. All images 
were reconstructed using iterative reconstruction (AIDR-3D 
standard). 

The images were further processed using the CT console 
and two software applications: (I) Dual-Energy Image View 
(Version 6, Canon Medical Systems) and (II) Dual-Energy 
Raw Data Analysis (Version 6, Canon Medica Systems) for 
the reconstruction of (I) VBIs and (II) VMIs. Application-
inherent registration algorithms were applied. 

All acquired 80 and 135 kVp DECT source datasets were 
combined with each other for the reconstruction of VBIs. 
This resulted in a total of 30 source dataset pairs. For VMIs 
only the pairings recommended by the vendor could be used 
due to restrictions of the software [6 pairings (tube current 
at high/low tube voltage): 5/30, 10/55, 20/115, 40/230, 
80/400, and 160/400 mAs]. VBIs were reconstructed at 80, 
100, 120 and 135 kilo Volt equivalent (kVe) and VMIs with 
35, 45, 55, 65, 75, 85, 95, 105, 115, 125 and 135 keV. 

Measurements and calculations

We defined twelve circular regions of interest (ROIs) 
with 10 mm2 area, each on six consecutive 0.5 mm 
axial planes within the phantom (1st left common 
carotid artery, 2nd right common carotid artery, 3rd left 

subcutaneous soft tissue, 4th right subcutaneous soft 
tissue, 5th left mandibular bone, 6th right mandibular 
bone, 7th left sternocleidomastoid muscle 8th right 
sternocleidomastoid muscle, 9th left submandibular gland, 
10th right submandibular gland, 11th vertebral body of 
C2, 12th pharyngeal space—reflecting different iodine 
concentrations within the phantom) and one ROI in 
the air ventral, posterior, left and right of the phantom, 
respectively. As there was no table movement between 
the scans, the ROIs could precisely be co-registered using 
the table position/slice number. Signal-to-noise ratios 
(SNR) and contrast-to-noise ratios (CNR) were calculated 
according to Eqs. [1] and [2], respectively. 
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Eq. [1]: calculation of signal-to-noise ratio. SNR: signal-
to-noise ratio; mean HU: mean attenuation in Hounsfield 
units (HU) measured in the organ ROI; mean SD: mean 
standard deviation measured in all air ROI placed in air 
outside the phantom. 
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Eq. [2]: calculation of the contrast-to-noise ratio. CNR: 
contrast-to-noise ratio; mean HU: mean attenuation in 
Hounsfield units (HU); mean SD: mean standard deviation 
measured in all air ROI placed in air outside the phantom. 

Primary endpoints and statistics

For all measurements the corresponding SECT dataset was 
used as standard of reference. A repeated measurements 
ANOVA and Dunnett’s multiple comparison test was used 
for different calculations: (I) to compare HU of different 
VBI reconstructions with corresponding SECT datasets 
(e.g., 100 kVe VBI with 100 kVp SECT), (II) to compare 
HU of different VMIs with the four SECT datasets. SNR 
and CNR values of VBI and VMI reconstructions were 
compared graphically by plotting the respective image 
quality value (SNR or CNR) against the radiation exposure 
as measured by the dose length product (DLP). A non-
linear second order regression analysis was performed to 
project a curve from the different data points. The optimal 
image settings were defined as the point on the curve 
being closest to the reference SECT scan, i.e., having the 
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most similar combination of image quality and radiation 
exposure. For this purpose, the minimum of the following 
distance Eq. [3] was calculated.

( ) ( )2 2 22
2 1 0( )d x x A B x B x B B= − + + + −  [3]

Eq. [3]: distance (d(x)) of the single energy dataset (point 
(A | B)) from the dual energy function with the formula 
f(x) = B2x

2+B1x+B0. The graph formula was derived from 
a non-linear second order regression analysis of signal (or 
contrast) to noise ratio (y-axis) and total radiation exposure 
[DLP] (x-axis). 

Results

The following datasets were included in the analysis: 4 
SECT, 120 VBI and 66 VMI datasets (see Figure 2). For 
each dataset, 96 ROI measurements were performed 
resulting in a total of 18,240 measurements. Exemplary 
images are provided in Figure 3.

Hounsfield units 

The mean measured HU of the reference SECT datasets, 
reconstructed VBI and VMIs are shown in Figure 4. We 
observed overexposure in the 135 kVp/160 mAs DECT 

Figure 2 Flow chart of single energy computed tomography (SECT) and dual energy computed tomography (DECT) scans and image 
reconstructions. Four SECT images were reconstructed and served as standard of reference. In total 186 DECT images were reconstructed: 
for virtual blended images (VBIs) all possible pairings of tube current for high and low tube voltage of the six different DECT scans were 
used (n=30), for virtual monochromatic images only the recommended pairings were used (n=6). 
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Figure 3 Example images of single energy computed tomography (SECT) scans and dual energy computed tomography (DECT) 
reconstructions. The DECT reconstructions were derived from the 20/115 mAs (high/low energy) dataset. Images are presented with 
window level 240 and window width 730. The given HU value represents the mean of all ROI measurements in from this scan. VBI, virtual 
blended images; VMI, virtual monochromatic images.
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source dataset that was transferred to related reconstructions. 

VBIs
The mean ± SD difference of the HU measured in the 
corresponding SECT images and VBI (HUSECT – 
HUVBI) was 2.63±2.1 HU for 80 kVe and did not reach 
significance for pairings based on the 400 mAs dual-energy 
source dataset, −31.68±1.18 HU for 100 kVe (P<0.0001 for 
all pairings), −22.03±0.75 HU for 120 kVe (P<0.0001 for all 
pairings) and 0.79±0.75 HU for 135 kVe (only significant for 
pairings based on the 160 mAs dataset). The detailed results 
of the multiple comparison analysis can be found in Appendix 
1A-D, a graphical version is presented in Figure 4A and B.

VMIs 
There was no statistical difference of HU between the  
120 kV SECT and the 75 keV VMI images (mean 
difference 16.8±19.0 HU). All other dual-energy pairings 
showed highly significant differences to all SECT images 
(P<0.001). A graphical comparison of the measured HU in 
VMI and SECT images can be found in Figure 4C. 

Image quality parameters

SNR and CNR values of VBI and VMI reconstructions can 
be found in Figure 5 and Appendix 2. 

VBIs
SNR and CNR values of VBI reconstructions were inferior to 
the corresponding SECT images when taking the radiation 

exposure into account (see Figure 5). Non-linear regression 
suggests that a pair of source data with similar radiation 
exposure resulting in similar image quality cannot be found 
using the current reconstruction technique. Furthermore, the 
image quality of the 120 kVe images was more dependent on 
the tube current at high kVp, whereas the quality of the 100 kVe  
images depended more on the low kVp dataset (see Table 1). 

VMIs 
Among the VMI reconstructions, 65 keV images showed 
the highest SNR and CNR (see Appendix 2). Nonetheless, 
when taking the radiation exposure into account, all VMI 
reconstructions are inferior to all SECT images. However, 
non-linear regression suggests that 65 keV reconstructions 
may reach similar SNR (but not CNR) values as 135 kVp 
images using the same radiation exposure (see Figure 5). 

Optimal scanning parameters

The formulas of the graphs shown in Figure 5 were inserted 
into Eq. [1] and, thus, the minimum difference to the SECT 
images was calculated. The results can be found in Table 1. 
In conclusion, using the optimal parameters, DECT could 
be performed with about 120% of the radiation exposure, 
however, resulting only in about 80% of the image quality 
of the corresponding SECT images. 

Discussion

Our study used a 3D-printed phantom of the neck from 

Figure 4 Hounsfield units (HU) of virtual blended images (VBI) and virtual monochromatic images (VMI) compared to single energy 
computed tomography (SECT). (A) Virtual blended images in 80, 100, 120 and 135 kVe compared to the corresponding SECT images. (B) 
Differences in HU between SECT and VBI. Numbers of statistically significant deviations from Dunnett’s multiple comparison test are 
shown on top (see also Appendix 1A-D). (C) Comparison of HU between VMI and SECT. The horizontal lines indicate the corresponding 
values of the SECT datasets. There was no difference between the 75 keV VMI and 120 kVp SECT. All plotted values are the mean values 
of all ROI measurements of the respective reconstruction. 
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Figure 5 Comparison of image quality and radiation dose of dual-energy computed tomography (DECT) reconstructions to single-energy 
computed tomography (SECT) images that served as standard of reference. Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) 
values (y-axis) compared to the radiation exposure as measured by the dose length product (DLP; x-axis) of virtual blended images in 100 
and 120 kVe reconstructions and selected virtual monochromatic images (35 to 85 keV) compared to SECT datasets. The left upper corner 
on the graph represents high image quality and low radiation exposure (thus, optimal balance) whereas the right lower corner represents 
low image quality and high exposure. The figure shows that neither actual measured DECT reconstructions nor extrapolations between the 
datapoints were able to achieve a similar or superior ratio of radiation exposure and image quality as SECT images (with the exception of  
65 keV VMI images that may meet the SNR/DLP of 135 kVp SECT). 
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actual patient data, thorough DECT scanning and 
reconstructions and comprehensive measurements to 
evaluate image quality and radiation dose of DECT in 
comparison to clinical standard SECT. We found that VBI 
reconstructions of 100 and 120 kVe images showed a small 
but significant overestimation of HU, when compared to 
corresponding SECT. HU of 75 keV VMI corresponded 
well to 120 kVp SECT, as found by other studies before (24).  
DECT showed a significant shortfall in image quality 
per radiation dose for all reconstructions (Figure 5). We 
found that under optimal tube current settings DECT 

reconstructions could achieve about 80% SNR and CNR 
by using 120% of the corresponding SECT radiation 
exposure. The optimal ratio of the tube current in high and 
low tube voltage DECT scans depended on the desired 
reconstruction: 120 kVe VBI images profited from rather 
high mAs in high kVp (e.g., 20/30 or 40/30 mAs), whereas 
100 kVe VBI profited from a higher tube current for low 
kVp data (e.g., 5/115 or 10/55 mAs). 

We conclude that the sequential DECT technique 
used for this study compared to clinical standard SECT 
goes along with either increased radiation exposure or 

Table 1 Optimal DECT protocol for VBI reconstructions with respect to image quality and radiation exposure

Parameter
Source data combination

(x/30 mAs) (x/55 mAs) (x/115 mAs) (x/230 mAs) (x/400 mAs)

SNR

100 kVe

Distance 34.5 31.3 23.9 56.5 123.8

DLP (x) 59.4 59.1 61.7 86.9 145.3

% SNR 83.0% (104.6/126)

% DLP 120.5% (61.7/51.2)

120 kVe

Distance 23.7 28.6 44.3 87.4 155.5

DLP (x) 72.1 76.4 89.1 122.3 178.1

% SNR 80.6% (86.5/107.3)

% DLP 118.5% (72.1/60.8)

CNR

100 kVe

Distance 45.4 38.6 29.4 63.4 132.5

DLP (x) 59.0 62.2 65.2 93.8 156.1

% CNR 82.3% (122.5/148.4)

% DLP 127.3% (65.2/51.2)

120 kVe

Distance 30.9 36.2 52.9 99.8 172.7

DLP (x) 78.0 83.3 98.3 137.0 200.0

% CNR 81.6% (114.3/140.0)

% DLP 128.3% (78.0/60.8)

SNR, signal to noise ratio; CNR, contrast to noise ratio. (x/y mAs): curve derived from DECT source data pairings with y mAs at 80 kVp;  
distance: distance on the graph (see Figure 5) of the corresponding SECT dataset to the DECT curve; DLP (x): x-value of the point on the 
curve nearest to the SECT point; % SNR/CNR: ratio of the optimal DECT SNR to SECT, calculated SNRDECT/SNRSECT, this equals f(x)/SNRSECT;  
% DLP: ratio of the optimal DECT DLP to SECT, calculated in the same manner.
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with a decrease in image quality or a combination of both. 
However, we did not analyse a possible added value of 
the additional information that DECT is able to provide. 
Therefore, we cannot conclude whether the inferior image 
quality of DECT can be compensated in clinical practice. 
We propose that a sequential or dual-source DECT 
protocol should aim at approximately 120% of the radiation 
exposure of the standard SECT of the corresponding 
anatomic region; the ratio of tube currents in high and low 
tube voltage scans should be adapted to meet the desired 
main goal of reconstructions. However, this is not possible 
with all DECT machines: Fast-kVp-switching and dual-
layer detectors do not allow for an independent modulation 
of the tube current for low and high energy datasets. 

Our results of Hounsfield units and image quality are 
in line with previous studies. Lam et al. found that the 
SNR and CNR values of VMI are optimal at 65 keV (25). 
This is in line with our results that suggest that 65 keV 
reconstructions might reach a similar ratio of radiation 
exposure and SNR as 135 kVp SE images, but were not 
able to achieve similar CNR. This is most likely attributable 
to the fact that 65 keV VMIs correspond to 90 kVp SE in 
terms of HU (thus, being more sensitive iodinated contrast) 
but show higher noise compared to 135 kVp. However, 
they found that tumor visibility was improved using 40 keV  
reconstructions because the contrast uptake is better 
visualized near the k-edge of iodine. Another phantom 
study achieved similar results on the image characteristics of 
VMI (26). Scholtz et al. also found a deviation of VBIs from 
corresponding SECT scans when using a standard linear 
blending algorithm (12). Some previous studies state that 
DECT image quality may be superior to corresponding 
SECT or may reduce the radiation exposure (27). The 
discrepancy to our findings might be attributable to 
differences in methodology, e.g., a study on actual patients 
with subjective image quality assessment compared to a 
phantom study with quantitative measurements, or in the 
DECT machine. Special techniques for DECT acquisition 
can possibly improve the image quality of secondary DECT 
reconstructions. For example, the tin filter technique 
achieves a better spectral separation and, therefore, might 
result in lower radiation exposure without compromising 
the image quality. The possible influence of the DECT 
reconstruction software on image quality might also explain 
differences to previous studies. Moreover, the physical 
properties of our phantom may have an influence. The 
attenuation of the phantom was mainly based on iodinated 
ink that has different dual-energy properties compared 

to the soft tissue or bone of a real patient. Therefore, the 
phantom does not fully reflect the effective Z in a patient 
and measurements of DE values in the phantom will not 
compare to those in clinical practice. However, as one 
central advantage of DECT is its sensitivity for contrast 
medium, we believe that our results reflect the applicability. 

Some limitations have to be discussed: We used DECT 
with sequential volume acquisition for our analysis as this 
is the preferred technique by the vendor. Therefore, our 
data cannot be directly applied to other DECT machines 
and protocols. However, the conclusions might in part 
be transferred to other sequential acquisition techniques 
and dual-source scanners. Spiral CT would result in 
higher radiation exposure (28). No beam hardening 
compensation was applied because the vendor does not 
allow the reconstruction of DECT raw-data sets with beam 
hardening compensation. Therefore, the results, especially 
for low keV VMIs might be impaired. In one of our DECT 
examinations we noticed an overexposure phenomenon 
of the detector during the high-energy scan that lead to 
a significant decrease of the image quality of the related 
secondary reconstructions. A multivariate analysis was 
not performed following the advice of our statistics team. 
We were not able to investigate the influence of different 
pairings on VMI images—neither the CT machine allowed 
for an independent adjustment of the tube current nor 
did the raw-data based software that was used for VMI 
reconstructions allow a separate selection of datasets. 
Furthermore, the details of the VMI reconstruction 
software remain hidden from the user. Future studies might 
go beyond those limitations, e.g., by using an independent 
software solution and a more sophisticated phantom 
approach that has more realistic dual-energy properties. 

Conclusions

Based on the measurements on a 3D-printed anthropomorphic 
phantom of the neck, we were able to show that the sequential 
acquisition of DECT results in increased radiation exposure 
or decreased image quality when compared to SECT with 
respect to the usage of iodinated contrast and corresponding 
DECT applications. Optimal DECT protocols would apply 
an estimated 120% of the SECT radiation exposure and result 
in approximately 80% of the image quality. The tube current 
of the high and low energy dataset should be adapted to the 
desired DECT information, if the CT machine allows for a 
separate adjustment. Current VBI reconstructions overestimate 
the Hounsfield Units of different contrast concentrations 
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leading to a demand of non-linear blending algorithms to 
achieve more accuracy. 
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Appendix 1

Appendix  1A Dunnett’s multiple comparison test of the mean HU of 80 kVp single energy energy CT (SECT) and the 80 kVe virtual blended 
images (VBI) reconstructed from different dual energy CT (DECT) parings (high kVp/low kVp)

Combination Mean difference 95 % CI Adjusted P value P value summary

SECT 80 kVp vs. 80kVEquiv.\5+30 mAs 6.421 3.547 to 9.294 <0.0001 ****

SECT 80 kVp vs. 80kVEquiv.\10+30 mAs 6.421 3.547 to 9.294 <0.0001 ****

SECT 80 kVp vs. 80kVEquiv.\20+30 mAs 6.421 3.547 to 9.294 <0.0001 ****

SECT 80 kVp vs. 80kVEquiv.\40+30 mAs 6.421 3.547 to 9.294 <0.0001 ****

SECT 80 kVp vs. 80kVEquiv.\80+30 mAs 6.421 3.547 to 9.294 <0.0001 ****

SECT 80 kVp vs. 80kVEquiv.\160+30 mAs 6.421 3.547 to 9.294 <0.0001 ****

SECT 80 kVp vs. 80kVEquiv.\5+55 mAs 2.997 0.6264 to 5.367 0.0046 **

SECT 80 kVp vs. 80kVEquiv.\10+55 mAs 2.997 0.6264 to 5.367 0.0046 **

SECT 80 kVp vs. 80kVEquiv.\20+55 mAs 2.997 0.6264 to 5.367 0.0046 **

SECT 80 kVp vs. 80kVEquiv.\40+55 mAs 2.997 0.6264 to 5.367 0.0046 **

SECT 80 kVp vs. 80kVEquiv.\80+55 mAs 2.997 0.6264 to 5.367 0.0046 **

SECT 80 kVp vs. 80kVEquiv.\160+55 mAs 2.997 0.6264 to 5.367 0.0046 **

SECT 80 kVp vs. 80kVEquiv.\5+115 mAs 1.317 0.1874 to 2.446 0.0119 *

SECT 80 kVp vs. 80kVEquiv.\10+115 mAs 1.317 0.1874 to 2.446 0.0119 *

SECT 80 kVp vs. 80kVEquiv.\20+115 mAs 1.317 0.1874 to 2.446 0.0119 *

SECT 80 kVp vs. 80kVEquiv.\40+115 mAs 1.317 0.1874 to 2.446 0.0119 *

SECT 80 kVp vs. 80kVEquiv.\80+115 mAs 1.317 0.1874 to 2.446 0.0119 *

SECT 80 kVp vs. 80kVEquiv.\160+115 mAs 1.317 0.1874 to 2.446 0.0119 *

SECT 80 kVp vs. 80kVEquiv.\5+230 mAs 1.911 0.4549 to 3.368 0.0029 **

SECT 80 kVp vs. 80kVEquiv.\10+230 mAs 1.911 0.4549 to 3.368 0.0029 **

SECT 80 kVp vs. 80kVEquiv.\20+230 mAs 1.911 0.4549 to 3.368 0.0029 **

SECT 80 kVp vs. 80kVEquiv.\40+230 mAs 1.911 0.4549 to 3.368 0.0029 **

SECT 80 kVp vs. 80kVEquiv.\80+230 mAs 1.911 0.4549 to 3.368 0.0029 **

SECT 80 kVp vs. 80kVEquiv.\160+230 mAs 1.911 0.4549 to 3.368 0.0029 **

SECT 80 kVp vs. 80kVEquiv.\5+400 mAs 0.5092 -0.7523 to 1.771 0.9663 ns

SECT 80 kVp vs. 80kVEquiv.\10+400 mAs 0.5092 -0.7523 to 1.771 0.9663 ns

SECT 80 kVp vs. 80kVEquiv.\20+400 mAs 0.5092 -0.7523 to 1.771 0.9663 ns

SECT 80 kVp vs. 80kVEquiv.\40+400 mAs 0.5092 -0.7523 to 1.771 0.9663 ns

SECT 80 kVp vs. 80kVEquiv.\80+400 mAs 0.5092 -0.7523 to 1.771 0.9663 ns

ns, P>0.05; *, P=0.05–0.01; **, P=0.01–0.001; ****, P<0.0001.
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Appendix  1B Dunnett’s multiple comparison test of the mean HU of 100 kVp single energy energy CT (SECT) and the 100 kVe virtual blended 
images (VBI) reconstructed from different dual energy CT (DECT) parings (high kVp/low kVp)

Combination Mean difference 95 % CI Adjusted P value P value summary

SECT 100 kVp vs. 100kVEquiv.\5+30 mAs -29.21 -34.2 to -24.22 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\10+30 mAs -29.52 -34.65 to -24.39 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\20+30 mAs -29.99 -35.11 to -24.87 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\40+30 mAs -29.94 -34.93 to -24.95 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\80+30 mAs -29.96 -34.99 to -24.93 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\160+30 mAs -29.19 -34.31 to -24.07 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\5+55 mAs -31.06 -36.06 to -26.07 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\10+55 mAs -31.37 -36.53 to -26.21 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\20+55 mAs -31.84 -37.03 to -26.65 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\40+55 mAs -31.79 -36.87 to -26.7 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\80+55 mAs -31.81 -36.92 to -26.7 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\160+55 mAs -31.05 -36.25 to -25.85 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\5+115 mAs -31.95 -37.09 to -26.81 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\10+115 mAs -32.27 -37.62 to -26.92 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\20+115 mAs -32.74 -38.14 to -27.35 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\40+115 mAs -32.69 -37.97 to -27.41 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\80+115 mAs -32.71 -38 to -27.42 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\160+115 mAs -31.95 -37.34 to -26.56 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\5+230 mAs -31.64 -36.73 to -26.55 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\10+230 mAs -31.95 -37.23 to -26.66 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\20+230 mAs -32.42 -37.74 to -27.1 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\40+230 mAs -32.37 -37.58 to -27.16 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\80+230 mAs -32.39 -37.62 to -27.16 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\160+230 mAs -31.63 -36.95 to -26.3 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\5+400 mAs -32.39 -37.83 to -26.95 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\10+400 mAs -32.7 -38.34 to -27.05 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\20+400 mAs -33.18 -38.82 to -27.54 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\40+400 mAs -33.12 -38.64 to -27.6 <0.0001 ****

SECT 100 kVp vs. 100kVEquiv.\80+400 mAs -33.14 -38.69 to -27.59 <0.0001 ****

****, P<0.0001.
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Appendix 1C Dunnett’s multiple comparison test of the mean HU of 120 kVp single energy energy CT (SECT) and the 120 kVe virtual blended 
images (VBI) reconstructed from different dual energy CT (DECT) parings (high kVp/low kVp)

Combination Mean difference 95 % CI Adjusted P value P value summary

SECT 120 kVp vs. 120kVEquiv.\5+30 mAs -20.49 -24.09 to -16.9 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\10+30 mAs -21.01 -24.58 to -17.43 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\20+30 mAs -21.8 -25.07 to -18.53 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\40+30 mAs -21.7 -24.86 to -18.54 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\80+30 mAs -21.74 -25.03 to -18.44 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\160+30 mAs -20.44 -23.78 to -17.1 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\5+55 mAs -21.25 -24.74 to -17.77 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\10+55 mAs -21.76 -25.26 to -18.26 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\20+55 mAs -22.56 -25.8 to -19.32 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\40+55 mAs -22.45 -25.6 to -19.31 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\80+55 mAs -22.49 -25.75 to -19.23 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\160+55 mAs -21.19 -24.49 to -17.88 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\5+115 mAs -21.63 -25.03 to -18.22 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\10+115 mAs -22.13 -25.59 to -18.66 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\20+115 mAs -22.92 -26.14 to -19.7 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\40+115 mAs -22.82 -25.93 to -19.71 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\80+115 mAs -22.85 -26.07 to -19.63 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\160+115 mAs -21.56 -24.83 to -18.28 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\5+230 mAs -21.49 -24.94 to -18.03 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\10+230 mAs -21.99 -25.49 to -18.5 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\20+230 mAs -22.79 -26.03 to -19.56 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\40+230 mAs -22.69 -25.82 to -19.55 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\80+230 mAs -22.72 -25.98 to -19.47 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\160+230 mAs -21.42 -24.72 to -18.12 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\5+400 mAs -21.8 -25.39 to -18.2 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\10+400 mAs -22.3 -25.96 to -18.65 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\20+400 mAs -23.1 -26.46 to -19.73 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\40+400 mAs -23 -26.26 to -19.75 <0.0001 ****

SECT 120 kVp vs. 120kVEquiv.\80+400 mAs -23.03 -26.42 to -19.65 <0.0001 ****

****, P<0.0001.
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Appendix  1D Dunnett’s multiple comparison test of the mean HU of the 135 kVp single energy energy CT (SECT) and the 135 kVe virtual 
blended images (VBI) reconstructed from different dual energy CT (DECT) parings (high kVp/low kVp) 

Combination Mean difference 95 % CI Adjusted P value P value summary

SECT 135 kVp vs. 135kVEquiv.\5+30 mAs 1.68 -0.06479 to 3.425 0.0670 ns

SECT 135 kVp vs. 135kVEquiv.\10+30 mAs 1.035 -0.5016 to 2.572 0.4258 ns

SECT 135 kVp vs. 135kVEquiv.\20+30 mAs 0.01715 -1.313 to 1.347 >0.9999 ns

SECT 135 kVp vs. 135kVEquiv.\40+30 mAs 0.1403 -0.7776 to 1.058 0.9994 ns

SECT 135 kVp vs. 135kVEquiv.\80+30 mAs 0.09757 -0.977 to 1.172 0.9996 ns

SECT 135 kVp vs. 135kVEquiv.\160+30 mAs 1.761 0.7373 to 2.784 <0.0001 ****

SECT 135 kVp vs. 135kVEquiv.\5+55 mAs 1.68 -0.06479 to 3.425 0.0670 ns

SECT 135 kVp vs. 135kVEquiv.\10+55 mAs 1.035 -0.5016 to 2.572 0.4258 ns

SECT 135 kVp vs. 135kVEquiv.\20+55 mAs 0.01715 -1.313 to 1.347 >0.9999 ns

SECT 135 kVp vs. 135kVEquiv.\40+55 mAs 0.1403 -0.7776 to 1.058 0.9994 ns

SECT 135 kVp vs. 135kVEquiv.\80+55 mAs 0.09757 -0.977 to 1.172 0.9996 ns

SECT 135 kVp vs. 135kVEquiv.\160+55 mAs 1.761 0.7373 to 2.784 <0.0001 ****

SECT 135 kVp vs. 135kVEquiv.\5+115 mAs 1.68 -0.06479 to 3.425 0.0670 ns

SECT 135 kVp vs. 135kVEquiv.\10+115 mAs 1.035 -0.5016 to 2.572 0.4258 ns

SECT 135 kVp vs. 135kVEquiv.\20+115 mAs 0.01715 -1.313 to 1.347 >0.9999 ns

SECT 135 kVp vs. 135kVEquiv.\40+115 mAs 0.1403 -0.7776 to 1.058 0.9994 ns

SECT 135 kVp vs. 135kVEquiv.\80+115 mAs 0.09757 -0.977 to 1.172 0.9996 ns

SECT 135 kVp vs. 135kVEquiv.\160+115 mAs 1.761 0.7373 to 2.784 <0.0001 ****

SECT 135 kVp vs. 135kVEquiv.\5+230 mAs 1.68 -0.06479 to 3.425 0.0670 ns

SECT 135 kVp vs. 135kVEquiv.\10+230 mAs 1.035 -0.5016 to 2.572 0.4258 ns

SECT 135 kVp vs. 135kVEquiv.\20+230 mAs 0.01715 -1.313 to 1.347 >0.9999 ns

SECT 135 kVp vs. 135kVEquiv.\40+230 mAs 0.1403 -0.7776 to 1.058 0.9994 ns

SECT 135 kVp vs. 135kVEquiv.\80+230 mAs 0.09757 -0.977 to 1.172 0.9996 ns

SECT 135 kVp vs. 135kVEquiv.\160+230 mAs 1.761 0.7373 to 2.784 <0.0001 ****

SECT 135 kVp vs. 135kVEquiv.\5+400 mAs 1.68 -0.06479 to 3.425 0.0670 ns

SECT 135 kVp vs. 135kVEquiv.\10+400 mAs 1.035 -0.5016 to 2.572 0.4258 ns

SECT 135 kVp vs. 135kVEquiv.\20+400 mAs 0.01715 -1.313 to 1.347 >0.9999 ns

SECT 135 kVp vs. 135kVEquiv.\40+400 mAs 0.1403 -0.7776 to 1.058 0.9994 ns

SECT 135 kVp vs. 135kVEquiv.\80+400 mAs 0.09757 -0.977 to 1.172 0.9996 ns

ns, P>0.05; ****, P<0.0001.
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Appendix 2

Appendix  2 Signal to noise ratio (SNR; A) and contrast to noise ratio (CNR; B) of the virtual monochromatic images (VMI) reconstructed 
from dual energy computed tomography (DECT). A and B: For each radiation dose the SNR and CNR values are highest for 65 keV 
reconstructions. 
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