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ABSTRACT

Introduction: Dual-energy computed tomography (DECT) can generate virtual non-contrast (VNC) im-
ages. Herein, we sought to improve the accuracy of VNC images by identifying the optimal slope of
contrast media (SCM) for VNC-image generation based on the iodine concentration and subject's body
size.
Methods: We used DECT to scan a multi-energy phantom including four iodine concentration rods (15,
10, 5, and 2 mg/mL), and 240 VNC images (eight SCM ranging from 0.49 to 0.56 x three body sizes x ten
scans) that were generated by three-material decomposition. The CT number of each iodine and solid
water rod part was measured in each VNC image. The difference in the CT number between the iodine
and the solid water rod part was calculated and compared using paired t-test or repeated measures
ANOVA.
Results: The SCM that achieved an absolute value of the difference in CT number of <5.0 Hounsfield units
(HU) for all body sizes simultaneously was greater at lower iodine concentration (SCM of 0.5, 0.51, and
0.53 at 10, 5, and 2 mg/mL iodine, respectively). At an iodine concentration of 15 mg/mL, no SCM ach-
ieved an absolute difference of <5.0 HU in CT number for all body sizes simultaneously. At all iodine
concentrations, the SCM achieving the minimal difference in the CT number increased with the increase
in body size.
Conclusion: By adjusting the SCM according to the iodine concentration and body size, it is possible to
generate VNC images with an accuracy of <5.0 HU.
Implications for practice: Improving the accuracy of VNC images minimizing incomplete iodine sub-
traction would make it possible to replace true non-contrast (TNC) images with VNC images and reduce
the radiation dose.

© 2023 The College of Radiographers. Published by Elsevier Ltd. All rights reserved.

Introduction

Dual-energy computed tomography (DECT) is a promising im-
aging technique that provides better abdominal tissue character-
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ization compared to single-energy computed tomography.' > DECT
allows for the generation of virtual non-contrast (VNC) images by
visually subtracting the iodine signal from contrast-enhanced im-
ages. Several research groups have reported that in tri-phasic
abdominal CT imaging, replacing true non-contrast (TNC) images
with VNC images obtained from contrast-enhanced DECT can
reduce the radiation dose by 25%—35%.4"1° However, despite the

1078-8174/© 2023 The College of Radiographers. Published by Elsevier Ltd. All rights reserved.
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reported usefulness of VNC images in terms of the patient radiation
dose, the complete replacement of TNC with VNC in terms of image
quality remains controversial, especially due to the risk of incom-
plete iodine subtraction.>®3!1"=1> In other words, improving the
accuracy of iodine subtraction is essential in order to reduce the
radiation dose by replacing TNC with VNC.

In DECT, two different energies provide different contrasts
depending on the composition of each tissue, making it possible to
generate images that isolate specific tissue components. One of
the methods used in DECT is the three-material-decomposition
algorithm. The input parameters used for the three-material-
decomposition algorithm are the CT numbers for fat and for soft
tissue for high- and low-keV images, plus the slope of contrast
media (SCM) value. The SCM represents the percentage change in
the iodinated CT number between low- and high-keV virtual
monochromatic images. The SCM is the most important param-
eter for the generation of VNC images by the three-material-
decomposition algorithm. If an inappropriate SCM value is used,
incomplete iodine subtraction images may be obtained. Borhani
et al. pointed out that further optimization of the material
decomposition algorithm by the vendor is needed to bring the CT
number in VNC closer to the CT number based on TNC acquisi-
tion.”” Factors that can cause incomplete iodine subtraction
include the scan phase used to generate the VNC%’? and the
subject’s body size.!%!® We therefore speculated that it would be
important to optimize the SCM in terms of the iodine concen-
tration and subject's body size to obtain accurate VNC images. We
conducted the present study to identify the optimal SCM value for
generating VNC images based on the iodine concentration, and to
determine the trend of the change in optimal SCM value according
to the subject's body size.

Methods

This was an experimental phantom study, with no requirement
for institutional review board approval.

Endpoints

The primary endpoints of the study were to identify the feasible
SCM value at which the difference in the CT number between the
iodine-subtracted part and the background in VNC images was <5
Hounsfield units (HU), and to determine the trend of the change in
optimal SCM value depending on the iodine concentration and
subject's body size.
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Phantoms

A multi-energy phantom system (Model 1472; Gammex RM],
Middleton, WI, USA) was used; it contains cylindrical holes for
the placement of various rods of the reference materials. Four
iodine concentration rods (15, 10, 5, and 2 mg/mL) were placed
evenly throughout the phantom. Adipose, blood, and brain rods
were used for the purpose of filling all remaining holes in the rod
insertion area. We used rods other than iodine with as low an
attenuation value as possible to minimize artifacts. The manu-
facturer's specifications of nine rods representing different ma-
terials were as follows. #1: adipose (psw = 0.94); #2: iodine
(2 mg/mL); #3: blood (pew = 1.03); #4: iodine (15 mg/mL); #5:
brain (pew 1.02); #6: iodine (10 mg/mL); #7: blood
(pew = 1.07); #8: iodine (5 mg/mL); #9: solid water (pew = 1.00).
The pew indicates a relative value of 3.3439 x 1023 m3 for the
electron density of water. For the representation of various body
sizes, a multi-energy phantom with and one without an attached
oval annulus was used (CTP579-10 and CTP651-10; The Phantom
Laboratory, Salem, NY).

Fig. 1 shows the small, medium, and large body sizes of the
multi-energy phantom (small body size: circular water-equivalent
20-cm diameter section; medium body size: small body size with
an attached oval annulus 25-cm high x 35-cm wide with a 95-cm
circumference; large body size: small body size with an attached
oval annulus 30-cm high x 38-cm wide with a 107-cm circumfer-
ence). The water-equivalent elliptical areas of these phantoms
displayed on the CT system were 335, 655.9, and 860.2 cm?,
respectively.

Image acquisition and reconstruction

The phantom was scanned by a single-source DECT scanner with
rapid kilovolt-switching and deep learning spectral reconstruction
(Aquilion One PRISM Edition; Canon Medical Systems, Otawara,
Japan). In accordance with the typical clinical scanning protocol, all
DECT images were acquired using helical scanning. A fixed radia-
tion dose (CT dose index volume of 17.8 mGy) was used to suppress
the effect of dose dependence.”” To compensate for directional
dependency, ten scans were performed so that the starting position
of each x-ray irradiation was shifted by 36° (ten consecutive scans
were performed with the scan start time interval of each scan
shifted by 10% of the rotation time).'®

The scanning parameters were as follows. Tube voltages of the
dual-energy scanning: 135 and 80 kVp; tube current: 650 maA;
rotation time: 0.5 s; collimation: 80 x 0.5 mm; pitch: 0.813. All

Figure 1. Axial image of the multi-energy phantom. Four iodine concentration rods with iodine concentrations at 15, 10, 5, and 2 mg/mL were located at #4, #6, #8, and #2,
respectively. For assuming small, medium, and large body sizes, the multi-energy phantom was attached with and without an oval annulus. The water-equivalent elliptical area of
each phantom displayed on the CT system was 335, 655.9, and 860.2 cm?, respectively. The rod numbers were as follows. #1: Adipose (pew = 0.94). #2: lodine (2 mg/mL). #3: Blood
(pew = 1.03). #4: lodine (15 mg/mL). #5: Brain (pew = 1.02). #6: lodine (10 mg/mL). #7: Blood (pew = 1.07). #8: lodine (5 mg/mL). #9: Solid water (pew = 1.00).
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images were reconstructed with a slice thickness of 0.5 mm using
the spectral reconstruction parameter of a body standard.

CT image post-processing and image analysis

With the DE scanning using our CT system, two basis material
images (a water and an iodine image) were first reconstructed for
the DE analysis. The VNC image was then generated from the virtual
monochromatic images at 60 keV as the low keV and at 80 keV as
the high keV. The resulting VNC image was an image with iodine
subtraction based on the 80-keV image.

Determination of the CT-number ratio using 60-keV and 80-keV
images

Thirty 60-keV and 80-keV images (three body sizes x ten scans)
at 5.0 mm thickness were generated by a three-material-
decomposition algorithm at a commercially available workstation
(Vitrea; Canon Medical Systems, Otawara, Japan). We determined
the CT number in each iodine rod part by using a region of interest
(ROI) of 20 mm diameter. We calculated the ratio of the CT number
for the 80 keV to that for the 60 keV for each iodine concentration.'

Determining the optimal input value of SCM for VNC

The 5.0-mm-thick VNC images were generated using vendor-
recommended standard settings. The settings were as follows.
Material 1, CT numbers for fat: —122 and —97 HU at 60 and 80 keV,
respectively; Material 2, CT numbers for soft tissue: 60 and 61 HU
at 60 and 80 keV, respectively; SCM: 0.51. We generated 240 VNC
images (eight SCM x three body sizes x ten scans) by varying the
SCM value from 0.49 to 0.56 with an interval of 0.01. The CT
number of each iodine rod and solid water rod part in the VNC
image was measured using a 20 mm diameter ROI. We calculated
the difference in the CT number between the iodine rod and the
solid water rod part. We identified feasible SCM values that ach-
ieved a mean difference in CT number of less than 5 HU and a 95%
confidence interval (95% CI) of less than 5 HU for each body size.
The optimal input value of SCM was defined as the value that
achieves a minimum difference in the CT number among feasible
SCM values.

Statistical analysis

For the ratio of the CT number for the 80 keV to that for the
60 keV images, summary statistics were generated using the mean
and standard deviation. Summary statistics were constructed with
the use of means with 95% Cls for the other continuous variables. As
a post hoc analysis, repeated measures ANOVA with Bonferroni
post-hoc correction (for multiple comparisons) was used to
compare the CT numbers of the optimal SCM value and the other
feasible SCM values. For comparisons between two data points (one
optimal and one feasible SCM value), a paired t-test was applied.
The statistical significance level was set at 0.05. Statistical software
(R Package ver. 4.1.0; R Foundation for Statistical Computing,
Vienna, Austria) was used for the statistical analysis.?’

Results

Table 1 provides the ratio of the CT number for the 80 keV to the
CT number for the 60 keV images at each iodine concentration and
body size. At the higher iodine concentrations (15 and 10 mg/mL),
the ratios of the CT number were similar among the three body
sizes. At the 2 mg/mL iodine concentration, the ratio of the CT
number became slightly smaller with the increase in body size.
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Table 1
Ratio of the CT number for the 80 keV to that for the 60 keV images.

Body size lodine concentration

15 mg/mL 10 mg/mL 5 mg/mL 2 mg/mL
Small 0.523 + 0.0015 0.508 + 0.0020 0.529 + 0.0014 0.584 =+ 0.0032
Medium  0.524 + 0.0013 0.507 + 0.0030 0.519 + 0.0041 0.574 + 0.0073
Large 0.524 + 0.0017 0.506 + 0.0037 0.521 + 0.0089 0.570 + 0.0130

Data are shown as mean value + standard deviation.

Fig. 2 shows the generated axial VNC images with varying SCM
values under the condition of a small, medium, and large body size.

Tables 2—5 show the changes in the absolute differences in
the CT numbers between the iodine concentration and water in
the VNC images. At the iodine concentration of 15 mg/mL,
except when the SCM value of 0.52 was used for the medium
body size, differences in the CT number of <5 HU could not be
achieved (Table 2). At the 10 mg/mL iodine concentration, the
optimal SCM value was 0.5 for all body sizes (Table 3). At the
iodine concentration of 5 mg/mL, the optimal SCM values were
0.50, 0.51, and 0.51 for the small, medium, and large body size,
respectively. Significant difference was observed between the
optimal and the other feasible SCM value at the small body size
(Table 4). At the 2 mg/mL iodine concentration, four feasible
SCM values were observed in the small body size. Among them,
the optimal SCM value was 0.52. At the medium body size, the
optimal SCM value was 0.53. Significant difference was not
observed between the SCM values of 0.53 and 0.54 (p = 0.999),
or between the SCM values of 0.53 and 0.55 (p = 0.334). For
large body size, the SCM value of 0.55 was the optimal value.
There was no significant difference among the optimal and
feasible SCM values.

The line charts in Fig. 3a—d shows the changes in the absolute
differences in the CT numbers between the iodine concentration
and water in the VNC images, cropped near the SCM value where
the difference in the CT number is the smallest, at different body
sizes. For all iodine concentrations, the SCM value that achieved the
smallest absolute difference in CT number with 95% Cls of <5 HU
increased as the body size increased. The SCM value that achieved
the absolute value of the difference in CT number with 95% Cls of <5
HU for all body sizes simultaneously was greater with a lower
iodine concentration (10, 5, and 2 mg/mL: 0.5, 0.51, and 0.53 of the
SCM value, respectively).

Fig. 4a—d depicts the mean CT number in VNC images for each
iodine concentration and body size combination when varying the
SCM value. At all iodine concentrations, the SCM value at which the
CT number approached zero increased with the increase in body
size. The difference in the CT number due to the change in the SCM
value was greater for the higher iodine concentrations.

The line charts in Fig. 5 illustrate the mean CT number of the
solid water rod for each body size in VNC images under various SCM
values. The CT number in the solid water decreased with the in-
crease in the SCM value. The smaller the body size was, the larger
the magnitude of the change in CT number was with the increase in
SCM.

Discussion

These experiments demonstrated that the optimal slope of
contrast media (SCM) value for generating VNC images by the three-
material decomposition algorithm varied depending on the iodine
concentration and subject's body size. The accuracy of VNC can be
improved by changing the SCM value depending on the scan phase
during which the iodine subtraction is performed (i.e., the iodine
concentration). Although the change in the SCM value according to
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1 (10 mg/mL) | (15mg/mL)
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0.49 0.50 0.51 0.52 0.53 0.54 0.55 0.56
Slope of Contrast Media

Figure 2. The clipped axial VNC images with varying Slope of Contrast Media (SCM) values under the assumption of small, medium, and large body sizes. The SCM was varied from
0.49 to 0.56. The rod numbers are explained in the legend of Fig. 1.

Table 2
Difference in the CT number between the iodine-subtracted part and the background at 15 mg/mL iodine concentration.

Body size  Slope of contrast media value

0.49 0.50 0.51 0.52 0.53 0.54 0.5 0.56

Small 31.3(30.0-32.6) 18.5(17.2-19.8) 5.3 (4.0-6.7) 73(6.1-85) 19.3(18.0—20.6) 36.6(34.8—38.3) 56.8 (55.1-58.6) 759 (74.3—77.5)
Medium 347 (334-36.1) 23.0 (21.8—24.2) 11.8(106-12.9) 1.6(0.9-2.3) 10.7(9.3—2.08)  27.7(25.7-29.8) 493 (47.2—-51.4) 69.6 (67.8—71.5)
Large 36.4 (34.8-37.9) 254(23.9-269) 14.9(135-164) 44(29-58) 7.8(6.1-9.6) 245(222-26.7) 453 (42.6-47.9) 66.8 (64.4—69.2)

Data are shown as mean value (Hounsfield units) and 95% confidence interval (lower—upper). Numbers in bold are the values at the optimal slope of contrast media (SCM) value
for each body size. The feasible SCM values were not obtained for the small and large body sizes. For the medium body size, only one feasible SCM value (the slope of contrast
media at 0.52) was obtained, and it was defined as optimal. Therefore, no statistical analysis was performed in each body size.

Table 3
Difference in the CT number between the iodine-subtracted part and the background at 10 mg/mL iodine concentration.

Body size  Slope of contrast media value

0.49 0.50 0.51 0.52 0.53 0.54 0.55 0.56

Small 54 (44-6.4) 32(21-42) 113(104-123) 19.8(18.7-21.0) 302 (28.9-31.5) 43.3 (42.0-446) 57.4(56.1-58.8) 71.1 (69.8—72.4)
Medium 7.8 (62-9.4) 1.8(09-2.7) 7.0(5.3-8.8) 159 (13.7-18.0) 269 (244-294) 399 (37.0-42.8) 543 (51.3-57.3) 68.9 (66.1-71.7)
Large 100 (84-11.7) 3.4 (2.0-4.8) 4.1(22-59) 13.0 (10.7-15.2) 24.4(21.5-27.3) 38.0(34.7—413) 52.7 (49.4-55.9) 67.5 (64.5-70.4)

Data are shown as mean value (Hounsfield units) and 95% confidence interval (lower—upper). Numbers in bold are the values at the optimal slope of contrast media value for
each body size. Only optimal slope of contrast media value (slope of contrast media at 0.50) was obtained in each body size. Therefore, no statistical analysis was performed in
each body size.

Table 4
Difference in the CT number between the iodine-subtracted part and the background at 5 mg/mL iodine concentration.

Body size  Slope of contrast media value

0.49 0.50 0.51 0.52 0.53 0.54 0.55 0.56
Small 6.0 (54-65) 14(09-2.0) 32(26-37) 7.8(7.2-83) 121 (11.6-12.6) 164(159-16.9) 20.7 (202-212) 26.0 (25.4—26.6)
p = 0.006
Medium 5.4 (44-63) 22(1.0-35) 1.8(0.9-2.8) 5.3 (4.2-64) 9.1 (7.9-102) 13.6(12.3-14.9)  19.1 (17.5-20.7)  26.5 (24.6-28.3)
p = 0.643
Large 80(6.1-9.9) 47(28-67) 2.6(1.4-3.8) 28(1.2-45)p=0824 6.0 (3.4-86) 10.7 (7.70-137) 164 (12.8-20.1)  23.6 (19.2—27.9)

Data are shown as mean value (Hounsfield units) and 95% confidence interval (lower—upper). Numbers in bold are the values at the optimal slope of contrast media value for
each body size. One optimal and one feasible value were obtained for each body size (the slopes of the contrast media were 0.50 and 0.51 for the small and medium body sizes
and 0.51 and 0.52 for the large body size) and a paired t-test was applied.

body size is slight, the accuracy of iodine subtraction can be ex- depending on the scan phase when iodine subtraction is per-
pected to be improved by adjusting the SCM value according to the formed; in addition, the quantitative value of iodine will be a
subject's body size when performing iodine dose subtraction. benchmark. The default setting of the SCM value for VNC recon-

The optimal SCM value depends on the iodine concentration to struction in the DECT scanner used in this study is 0.51. Based on
be subtracted, and it should be set larger when the iodine con- our present findings, only an iodine concentration of 10 mg/mL can

centration is low. It is therefore necessary to adjust the SCM value be subtracted with high accuracy. This is approximately the
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Table 5

Radiography 29 (2023) 557—563

Difference in the CT number between the iodine-subtracted part and the background at 2 mg/mL iodine concentration.

Body size Slope of contrast media value
0.49 0.50 0.51 0.52 0.53 0.54 0.55 0.56
Small 6.2 (5.6-6.8) 4.1 (3.5-4.7) 22(1.5-2.8) 0.7 (0.3—1.0) 23(1.6-2.9) 46 (3.9-5.2) 6.9 (62-7.5) 9.2 (8.6-9.9)
p < 0.001 p = 0.008 p = 0.002
Medium 7.2 (6.6—7.9) 5.6 (4.9-6.3) 4.1 (3.4-4.8) 2.5(1.8-3.2) 0.9 (0.2-1.6) 1.0 (0.5-1.5) 2.3 (1.6-3.0) 4.0 (3.2-4.7)
p < 0.001 p < 0.001 p = 0.999 p=0334 p=0.010
Large 8.2 (6.8-9.5) 6.7 (5.4—8.1) 5.5 (4.1-6.8) 42 (2.8-5.6) 2.7 (13-42) 1.9 (0.8—3.0) 1.4 (0.3-2.6) 2.5 (1.4-3.6)
p=0.339 p = 0.749 p = 0.087

Data are shown as mean value (Hounsfield units) and 95% confidence interval (lower—upper). Numbers in bold are the values at the optimal slope of contrast media value for
each body size. One optimal and more than three feasible values were obtained for the three body sizes and multiple comparison was applied.
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Figure 3. The absolute difference of CT number for each body size at each iodine concentration in the virtual non-contrast image. For all iodine concentrations, the SCM value that
achieved the smallest absolute difference of CT number with 95% Cls of <5.0 HU tended to become larger as the body size increased.

appropriate setting for the iodine subtraction of a portal vein in the
portal venous phase.?' Since the degree of contrast enhancement is
not the same for all organs, it is possible to improve the accuracy of
VNC by limiting the organs to be observed by iodine subtraction (in
some cases, only the targeted tumor area) and by using the optimal
SCM value. The difference in CT number between TNC and VNC has
been reported to exceed 10 HU in 10%—30% of cases due to differ-
ences in the scan phase and organs.'"!> The possibility of VNC
replacing TNC may be solved by adapting the SCM value used to the
iodine concentration of the target organ or site.

Our study revealed that at low iodine concentrations (5 and
2 mg/mL), the SCM value with the smallest absolute differences
(95% CI) in CT number was greater at the larger body size. However,
the effect of body size was smaller than that of the iodine con-
centration and was pronounced only at low iodine concentrations.
When the iodine concentration was low (2 mg/mL), the degree of
iodine subtraction due to the difference in the SCM value of 0.01

was small. Especially in the case of larger body size, there were
multiple SCM values that satisfied the CT number difference <5 HU
and 95% CI < 5 HU, with the result that only a specific SCM value
could not be considered optimal. Therefore, minimum differences
in the CT number can be achieved by further adjusting the SCM
value according to the subject's body size. In the case of a high
iodine concentration (15 mg/mL), the degree of iodine subtraction
due to a difference in the SCM value of 0.01 is large, and it is difficult
to perform iodine subtraction with an accuracy of <5.0 HU. The
generated VNC images show slightly inhomogeneous iodine sub-
traction at high iodine concentrations. It may thus be difficult to
generate accurate VNC images in areas of higher contrast
enhancement (e.g., the subclavian artery immediately after contrast
administration, or the ureter in equilibrium phase).

We observed that the ratio of the CT number varied with the
iodine concentration and was in general agreement with the trend
of the optimal SCM value obtained in practice, but the ratio of the
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Figure 4. The CT number at each iodine concentration rod in virtual non-contrast images with varying SCM values. The line chart shows the mean and 95% ClI values (I bar) of the CT
number. At all iodine concentrations, the SCM value at which the CT number approached zero increased with the increase in body size.
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Figure 5. The CT number of the solid water rod in virtual non-contrast images with
varying SCM values. The line chart shows the mean and 95% CI values (I bar) of the CT
number difference. The differences in the CT number of the solid water increased with
the increase in the SCM value.

CT number themselves were different from the actual SCM values.
One of the reasons for this discrepancy may be due to the slight
subtraction of the attenuation of the solid water, which is without
iodine. In the DE process with this CT system, two basis material
images (a water image and an iodine image) are first reconstructed
and then the virtual monochromatic images followed by VNC im-
ages are generated from these two basis material images. The ac-
curacy of these two basis material images thus influences the

accuracy of the subsequent DE process. We considered that beam-
hardening effects would influence the accuracy of these basis ma-
terial images. For the range of SCM values considered in this study,
the CT number of the solid water part of the VNC images were
below 0 HU despite machine calibration. Furthermore, the CT
number of the solid water part was slightly subtracted from the
attenuation when the SCM value was increased, which suggests
that the difference between the iodine part and the solid water part
of the VNC image changed, resulting in the difference between the
optimal SCM value and the ratio of the CT number. Since the ac-
curacy of the basis material image cannot be adjusted by the user,
we believe that the SCM value can be adjusted using these results to
improve the accuracy of iodine subtraction.

Here, we propose a method to put the obtained results into
practice. As mentioned above, the basis material images of iodine,
which are reconstructed first, can be used to measure the iodine
concentration in the ROI This value can be used to assume the
approximate SCM value that should be set. To adjust the SCM value
further, we can estimate the body size by using the water-
equivalent elliptical area displayed on the CT system, which is
automatically calculated from the automatic exposure control
system. We expect that the combination of these two methods will
provide the optimal SCM for material decomposition.

Several limitations of this study should be acknowledged. We
did not evaluate clinical images for individual abdominal dynamic
DECT. Rather, we focused on the quantitative evaluation of the
behavior of the DE process under different iodine concentration
conditions and assuming various body sizes. Further studies of the
diagnostic performance in clinical settings are needed. In addition,
not all possible iodine concentrations and body size combinations
were considered in this study, and only the available phantom
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conditions were applied. Finally, regarding the DE acquisition and
post-processing algorithms released by other vendors, these may
differ from the CT system used here, and thus it may be difficult to
generalize the present results to the systems of other vendors.

Conclusions

We investigated the optimal SCM value for generating VNC
images and evaluated the effects of the iodine concentration and
body size by using a phantom. Compared to conventional TNC
images, the VNC images obtained by adjusting the SCM value ac-
cording to the iodine concentration and the subject's body size
were more accurate.
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