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Abstract
Purpose To compare image quality of abdominal arteries between full-iodine-dose conventional CTand half-iodine-dose virtual
monochromatic imaging (VMI).
Materials and methods Weretrospectively evaluated images of 21patients (10men, 11women;mean age, 73.9 years)whounderwent
both full-iodine (600 mg/kg) conventional CT and half-iodine (300 mg/kg) VMI. For each patient, we measured and compared CT
attenuation and the contrast-to-noise ratio (CNR)of the aorta, celiac artery, and superiormesenteric artery (SMA).We also comparedCT
dose index(CTDI).Twoboard-certifieddiagnostic radiologistsevaluatedvisualisationof themain trunksandbranchesof theceliacartery
and SMA inmaximum-intensity-projection images.We evaluated spatial resolution of the two scans using an acrylic phantom.
Results The two scans demonstrated no significant difference in CTattenuation of the aorta, celiac artery, and SMA, but CNRs of
the aorta and celiac artery were significantly higher in VMI (p = 0.011 and 0.030, respectively). CTDI was significantly higher in
VMI (p = 0.024). There was no significant difference in visualisation of the main trunk of the celiac artery and SMA, but
visualisation of the gastroduodenal artery, pancreatic arcade, branch of the SMA, marginal arteries, and vasa recta was signif-
icantly better in the conventional scan (p < 0.001). The calculated modular transfer function (MTF) suggested decreased spatial
resolution of the half-iodine VMI.
Conclusion Large-vessel depiction and CNRs were comparable between full-iodine conventional CT and half-iodine VMI
images, but VMI did not permit clear visualisation of small arteries and required a larger radiation dose.
Key Points
・Reducing the dose of iodine contrast medium is essential for chronic kidney disease patients to prevent contrast-induced
nephropathy.

・In virtual monochromatic images at low keV, contrast of relatively large vessels is maintained even with reduced iodine load,
but visibility of small vessels is impaired with decreased spatial resolution.

・Weshouldbeawareabout theadvantagesanddisadvantagesassociatedwithvirtualmonochromatic imagingwithreducediodinedose.
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Abbreviations
AEC Auto-exposure control
ASiR Adaptive statistical iterative reconstruction

CIN Contrast-induced nephropathy
CKD Chronic kidney disease
CNR Contrast-to-noise ratio
CT Computed tomography
CTDI Computed tomography dose index
DLP Dose-length product
GDA Gastroduodenal artery
HU Hounsfield units
MIP Maximum intensity projection
MTF Modular transfer function
ROI Region of interest
SD Standard deviation
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SMA Superior mesenteric artery
VMI Virtual monochromatic imaging

Introduction

Computed tomography (CT) angiography is widely used to
evaluate vessels throughout the body, and safe surgical or
catheter intervention requires good understanding of the dis-
tribution of small arteries and anomalies in the branching of
vessels around a lesion [1–3].

Visualisation of the small peripheral vessels in CT angiog-
raphy necessitates the injection of a sufficient dose of iodine-
based contrast medium. However, in patients with chronic
kidney disease (CKD), the development of contrast-induced
nephropathy (CIN) has been correlated with the excessive
administration of contrast medium containing iodine, and
minimal use of contrast has been recommended [4–6].

Recently, image reconstruction utilising virtual monochro-
matic imaging (VMI) in dual-energy CT has been adopted in
an effort to reduce the amount of iodine-based contrast mate-
rial needed in CT angiography. VMI allows an increase in
intraluminal CT values at lower levels of energy, nearer those
of the K-edge of iodine (33.2 keV) [7], which maintains vas-
cular contrast even when the iodine dose is reduced. Indeed,
past studies have reported comparable contrast-to-noise ratios
(CNRs) in VMI-reconstructed images of CT angiography ac-
quired with a reduced dose of iodine-based contrast medium
and images of conventional CT angiography obtained using a
full dose [8–10]. Nevertheless, the spatial resolution of the
reconstruction method also affects the visualisation of small
arteries [11], and we believe no study of CT angiography with
VMI has examined spatial resolution and the visualisation of
such peripheral arteries, though some researchers have fo-
cused on the CNR of relatively large vessels [8–10].

In emergent situation, the dose of iodine is not the main issue
[12], and in preoperative situations, the need for better image
quality, especially visualisation of small arteries, possibly takes
priority to reduction of iodine dose to perform a safe procedure.

We therefore compared image quality between full-iodine-
dose conventional CT and half-iodine-dose virtual monochro-
matic imaging in CT angiography to ascertain advantages and
disadvantages of these two protocols.

Materials and methods

Calculation of the modulation transfer function

We calculated the modulation transfer function (MTF) using a
phantom (Fig. 1) consisting of an elliptically shaped acrylic
cylinder (diameter, about 30 × 20 cm; height, about 10 cm)
with a columnar hole at its centre (diameter, about 4 cm;

height, about 8 cm) that we filled with either a 20-fold dilution
of iopamidol contrast medium (Oiparomin 300, Fuji Pharma
Co., Ltd.) for conventional scanning or a 40-fold dilution for
dual-energy scanning. For dual-energy scanning, we recon-
structed virtual monochromatic images at 52 keV, setting scan
parameters for the respective imaging systems to yield a sim-
ilar CT dose index (CTDI; LightSpeed VCT, 120 kVp [GE
Healthcare]; 34.99 mGy, Discovery CT750 HD 120 kVp [GE
Healthcare]; 35.43 mGy; Discovery CT750HD 52 keV; 33.96
mGy). We obtained the edge spread function at the edge of the
iodine contrast material filling the cylinder in the acrylic phan-
tom, differentiated the edge spread function to determine the
line spread function, and applied fast Fourier transformation
of the line spread function to obtain the MTF [13–15].

Patient population of the clinical study

Our institutional review board approved this retrospective
single-centre study and waived the requirement for informed
consent from participants.

We searched our CT database to identify consecutive pa-
tients who underwent VMI using the half-iodine-dose (300
mg/kg) protocol because of impaired kidney function (most
recent estimated glomerular filtration rate less than 45 mL/
min/1.73 m2) between July 1 and September 30, 2016 and
found 33 patients. We then further narrowed this group of 33
to 21 who also underwent conventional CT utilising the full-
iodine-dose (600 mg/kg) protocol within the past 5 years
(September 30, 2011 to September 30, 2016), and excluded
the other 12. On average, the conventional scans were obtain-
ed 1.6 years before VMI acquisition. The study population
comprised 21 patients (10 men, 11 women; mean age, 73.9
years; average body weight, 56.3 kg) who underwent CT
screening for metastasis of colon cancer (n = 10), renal cancer
(n = 6), cystic cancer (n = 3), uterine cancer (n = 1), and gastric
cancer (n = 1). The scan ranges varied between the scan types
and the individuals evaluated. The range was from the chest to

Fig. 1 Photograph of the acrylic phantom that we filled with contrast
medium and used to calculate the modular transfer function (MTF)
utilising a circular-edge technique
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the pelvis in 19 of the 21 patients for half-iodine VMI and 12
of the 21 for full-iodine conventional CT and from the upper
abdomen to the pelvis in the other 2 for half-iodine VMI and 9
for full-iodine conventional CT.

Scan protocol

Our conventional scan protocol called for the injection of 600
mg/kg of iodine contrast medium in 30 s, and the VMI proto-
col utilised half that dose, 300 mg/kg, injected in 30 s. The
scan of the CTangiography was begun at 40 s after the start of
contrast material injection.

For the full-dose protocol, parameters were: collimation, 64
× 0.625 mm; pitch, 1.375; gantry rotation, 0.4 second; scan
field of view (FOV), 50 cm; and tube voltage, 120 kVp. Tube
current was automatically changed with auto exposure control
(AEC) with a noise index of 12. Nine of the 21 patients were
scanned using the LightSpeed VCT system and 12 with the
Discovery CT750 HD system.

For the half-iodine VMI protocol, parameters were: colli-
mation, 64 × 0.625 mm; pitch, 1.375; scan FOV, 50 cm; tube
voltage, fast kilovoltage switching between 80 and 140 kVp.
Gantry rotation and tube current were determined depending
on the patient’s body size to achieve a noise index close to that
of the conventional scan. All 21 patients were scanned with
the Discovery CT750 HD system.

We employed a standard reconstruction kernel to recon-
struct images of a section of 1.25-mm thickness and interval,
and applied 40% adaptive statistical iterative reconstruction
(ASiR) to reduce image noise. For VMI protocol, we recon-
structed virtual monochromatic images at 52 keV.

Quantitative analysis of arteries

In axial images, circular regions of interest (ROIs) of 10-mm
diameter were placed on the aorta (at the level between the
orifice of the celiac artery and the SMA) and right psoas mus-
cle, and circular ROIs of 2-mm diameter were placed on the
main trunks of the celiac artery and SMA. CTattenuation was
measured as the average CT values in these ROIs. Image noise
was defined as the standard deviation (SD) of the CT values in
the ROIs placed on the right psoas muscle. CNR was calcu-
lated as: CNR = (μA – μB) /ρ, in which μA is the signal
intensity of the aorta, celiac artery, or SMA; μB is the signal
intensity of the psoas major muscle, and ρ is the image noise.

We compared CTDI and dose-length product (DLP) between
the VMI and conventional scans based on the dose report.

Subjective evaluation of proximal and peripheral
arteries

We reconstructed coronal maximum intensity-projection
(MIP) images (10-mm thickness, 1-mm interval) on the

workstation (Advantage Workstation Version 4.6, GE
Healthcare) and two board-certified diagnostic radiologists
(observer A, with 8 years’ experience; observer B, 18 years’
experience) evaluated them. The images were displayed on a
commercially available diagnostic monitor in random order
without clinical information or identification of the recon-
struction method. Observers were asked to score visualisation
of the arteries using a 4-point scale (4, completely visible; 3,
partially invisible or slightly irregular appearance; 2, partially
visible; 1, invisible), evaluating the main trunk of the superior
mesenteric artery (SMA), its branches (right colic, middle
colic, ileocolic, jejunal, and ileal arteries), the marginal arteries
and vasa recta, main trunk of the celiac artery, gastroduodenal
artery (GDA), and arteries of the pancreatic arcade.

Statistical analysis

We analysed statistics using SPSS software (version 25) and
tested significant difference in parameters for VMI and con-
ventional images using Mann–Whitney U test.

For subjective image analysis, we added the scores of the
two observers, applied the Mann–Whitney U test to assess
significant difference between their scores in each category
for VMI and conventional CT images. P < 0.05 indicated a
statistically significant difference.

To evaluate interobserver agreement, unweighted kappa
coefficients were calculated for the scores of subjective anal-
yses of conventional images and VMI images.

Results

Calculation of the modulation transfer function

Figure 2a and b shows the magnified part of the circular edge
of the iodine contrast material filling the cylinder in the acrylic
phantom, and Fig. 2c shows the results of MTF calculation.
Higher MTFs were obtained utilising the conventional 120-
kVp scan mode with both the LightSpeed VCTand Discovery
CT750 HD imaging units, and the 2 scanners demonstrated no
obvious difference in this mode.

Results of quantitative analysis

Table 1 shows the results of quantitative analysis. The conven-
tional and VMI images showed no significant difference in CT
attenuation of the aorta, celiac artery, SMA, and psoas major
muscle. The VMI images demonstrated significantly less image
noise (p < 0.001) and significantly higher CNRs of the aorta (p =
0.011) and celiac artery (p = 0.030) as well as a higher CNR of
SMA, though the difference was not significant. In addition, the
average CTDI of the VMI (13.40 ± 4.58 mGy) was significantly
higher than that of the conventional scan (9.84 ± 4.31 mGy; p =
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0.024). The average DLP of the VMI (920.0 ± 358.1 mGy·cm)
was also significantly higher than that of the conventional scan
(577.7 ± 279.6 mGy·cm; p = 0.006).

Results of subjective evaluation of the proximal
and peripheral arteries

Table 2 and Figs. 3 and 4 show the results of evaluations by
observers A and B. In most cases, both observers gave a

maximum score of 4 points for visualisation of the main
trunks of the celiac artery and SMA for almost all cases, and
the two scan modes showed no significant difference.
However, scores of the GDA, pancreatic arcade, SMA branch,
marginal artery, and vasa recta were significantly higher in the
conventional scan mode (p < 0.001). The unweighted kappa
coefficients were 0.66 for the conventional images and 0.802
for the VMI. Good interobserver agreement was obtained
[16]. Figs. 5 and 6 are representative images used in the sub-
jective evaluation.

Discussion

Dual-energy CT has many clinical applications [17]. Virtual
monochromatic images are produced by blending and
reconstructing image data acquired at two different tube volt-
ages. VMI permits acquisition of images at any energy level
and increases the CT value of iodine at lower levels of energy
that approach the K-edge energy of iodine (33.2 keV) [7]. In
this way, CT attenuation in vessels can be maintained even
when we reduce the dose of injected iodine in the acquisition
of VMI at low energy levels [8–10]. On the other hand, image
noise is known to increase as the energy level is decreased in
VMI [7, 18]; so, techniques to reduce noise, such as iterative

Fig. 2 Images showing the
magnified part of the circular
edge of the iodine contrast
material obtained by (a)
conventional 120-kVp and (b)
virtual monochromatic imaging
(VMI) at 52 keV. In the 52-keV
image, the edge of circle was
blurred compared with the 120-
kVp image. The graph (c) shows
the modular transfer function
(MTF) for images obtained using
the LightSpeed VCT and
Discovery CT750 HD systems in
conventional 120-kVp scanning
and the Discovery CT750 HD
system in 52-keV VMI

Table 1 Results of quantitative analysis

Conventional VMI p value

Signal intensity (HU)

Aorta 357.7 ± 50.7 371.4 ± 68.3 0.538

Celiac artery 325.8 ± 109.5 362.6 ± 67.9 0.473

SMA 354.0 ± 56.0 349.7 ± 60.8 0.715

Psoas major 57.4 ± 15.0 59.0 ± 11.4 0.801

Image noise (HU)

Psoas major 22.5 ± 2.6 19.0 ± 2.6 < 0.001

Contrast-to-noise ratio (CNR)

Aorta 13.5 ± 2.6 16.8 ± 4.5 0.011

Celiac artery 13.2 ± 2.7 16.3 ± 4.4 0.030

SMA 13.3 ± 2.8 15.6 ± 4.0 0.094

VMI virtual monochromatic imaging,HUHounsfield units, SMA superior
mesenteric artery
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reconstruction, are commonly used in the acquisition of CT
angiography with VMI using a reduced iodine dose [8–10].

In our study, CT values in the aorta, celiac artery, and SMA
were maintained in VMI images despite the reduced dose of
injected iodine, and the use of ASiR reduced image noise even
at the low keV setting. The high CT values of vessels and
reduced image noise led to higher CNRs than those obtained
with conventional scanning using a full dose of injected io-
dine, a finding also reported in other studies [8–10].

CNR is commonly used to evaluate image quality in CT
because it is easy tomeasure [19–21]. However, though it reflects
image quality to some extent, other factors, such as spatial reso-
lution and noise texture, also affect lesion detectability [14, 22]. It

is therefore preferable tomeasure image quality using themethod
appropriate for given patient in a given situation, in other words,
based on task-based analysis [22–25].

We observed no significant difference in visualisation of
relatively large arteries, such as the celiac artery or SMA, but
small arteries were much more difficult to detect in VMI ac-
quired using half the conventional dose of iodine. The spatial
resolution of the scan technique or reconstruction method is
known to affect the visualisation of small vessels [11], and our
MTF calculation suggests that spatial resolution is reduced in
VMI compared with that of conventional scanning. We there-
fore attribute the difference in visualisation of relatively small
arteries in our study to the reduced spatial resolution of VMI.

Table 2 Mean score of subjective
analysis of vessels Conventional VMI

Observer A Observer B Observer A Observer B

SMA

Main trunk 4.00 ± 0.00 4.00 ± 0.00 4.00 ± 0.00 3.95 ± 0.22

Branch 3.86 ± 0.36 3.95 ± 0.22 3.05 ± 0.22 3.29 ± 0.46

Marginal arteries and vasa recta 2.71 ± 0.46 2.95 ± 0.22 1.95 ± 0.38 2.05 ± 0.38

Celiac artery

Main trunk 4.00 ± 0.00 4.00 ± 0.00 4.00 ± 0.00 4.00 ± 0.00

GDA 3.52 ± 0.51 3.81 ± 0.40 3.00 ± 0.32 3.14 ± 0.36

Pancreatic arcade 2.86 ± 0.36 3.00 ± 0.32 2.10 ± 0.54 2.05 ± 0.50

VMI virtual monochromatic imaging, SMA superior mesenteric artery, GDA gastroduodenal artery

Fig. 3 Histograms show the subjective scores of observers A and B of the celiac artery branches
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In patients with chronic kidney disease, the merit of reduc-
ing the injected dose of iodine to prevent contrast-induced
nephropathy is tremendous. Thus, acquisition of VMI using
a reduced dose of iodine is considered beneficial in the routine

examination of these patients, such as for the recurrence or
metastasis of disease after surgery. However, in other cases,
such as for preoperative examination, we must know the pre-
cise condition of small arteries to evaluate tumour invasion or

Fig. 4 Histograms showing the subjective scores of observers A and B of the branches of the superior mesenteric artery (SMA)

Fig. 5 Computed tomography (CT) angiography acquired utilising half-
iodine virtual monochromatic imaging (VMI) (left) depicts the gastrodu-
odenal artery (GDA) (arrow), but arteries of the pancreatic arcade are
obscure. CT angiography acquired utilising full-iodine conventional CT
of the same patient (right) depicts the GDA more clearly (arrow) as well

as some arteries of the pancreatic arcade (arrow head). These are coronal
maximum intensity projection (MIP) images (10-mm thickness, 1-mm
interval). The window level was set at 50 Hounsfield units (HUs) and
the window width at 350 HU
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understand the vessel anatomy [1, 26]. In these cases, we have
to consider the trade-off between reduction of iodine load and
decreased spatial resolution.

In addition, CTDI was significantly higher in the half-
iodine VMI group. One possible reason of increased radiation
dose is usage of low keV level in VMI. When the dose of
iodine contrast material is reduced, we have to use a low
keV level to maintain contrast. Image noise is known to in-
crease as keV level is decreased [7]; so this leads to increased
radiation dose to maintain acceptable image noise. Another
possible reason for increased radiation dose is unavailability
of AEC in VMI. In the past study, the reduction of radiation
dose by the use of AEC is reported [27]. In fast-kVp switching
dual-energy CT, we cannot use AEC with the dual-energy
scan mode. This possibly leads to increased radiation dose in
VMI. DLP was also significantly different, but this is possibly
affected by the difference of scan range between two groups.

This is a retrospective study, so the images of conventional
CT angiography were obtained 1.6 years before half-iodine
VMI on average. There is a possibility that the diameter of
arteries became smaller because of arteriosclerotic change.
Although this effect is considered to be minimal because of
relatively short time span between these two scans, this is one
of limitations of our study.

Another limitation of this study is that we used dual-energy
CT units from a single vendor, and we believe comparison be-
tween different dual-energy systems is desirable. The decreased
spatial resolution of VMI in dual-energy CT may result from
misregistration between images acquired using low and high
kVp settings. Misregistration is considered to be relatively mild
when using a fast kVp switching technique compared to other
dual-energy systems, such as the rotate-rotate technique and

dual-source system, but theoretically, the dual-layer system has
no misregistration [17]. The decreased spatial resolution may
also be attributable to the method by which VMI images were
reconstructed from two images obtained with different tube volt-
ages. This reconstruction process is considered to be more com-
plicated than that of conventional reconstruction and could lead
to the deterioration of image quality, and different dual-energy
systems offer different methods of reconstruction.

We also used only one noise reduction technique. In VMI
in dual-energy CT, image noise is generally increased as the
energy level selected decreases, so noise reduction is needed
when the injected iodine volume is reduced and images at low
keV levels are reconstructed. Some model-based iterative re-
construction algorithms are reported to improve spatial reso-
lution as well as image noise [28, 29], and their availability for
application to images acquired at low keV levels may improve
the spatial resolution of VMI in dual-energy CT.

Conclusion

Large-vessel depiction and CNRs were comparable between
full-iodine conventional CT and half-iodine VMI images, but
VMI did not permit clear visualisation of small arteries and
required a larger radiation dose.
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Fig. 6 Computed tomography (CT) angiography acquired utilising half-
iodine virtual monochromatic imaging (VMI) (left) depicts the ileocolic
artery (arrow), but the marginal arteries and vasa recta are obscure. CT
angiography acquired utilising full-iodine conventional CT of the same
patient (right) depicts the ileocolic artery more clearly (arrow) as well as

some of the marginal arteries and vasa recta (arrow head). These are
coronal maximum intensity projection (MIP) images (10-mm thickness,
one-mm interval). The window level was set at 50 Hounsfield units (HU)
and the window width at 350 HU
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