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Abstract

Background: Low-energy advanced virtual monochromatic images (VMIs) from dual source dual-energy CT (DSCT) could be applied
to reduce contrast medium dose due to superior iodine contrast-to-noise ratios (CNRs).
Objectives: To investigate feasibility of advanced VMIs from DSCT to reduce contrast medium dose in multiphase liver CT without
impairing image quality and conspicuity of focal hepatic lesions (FHLs).
Patients and Methods: Ninety-four patients with 110 FHLs underwent follow-up CT twice prospectively with different protocols:
protocol A, conventional 100 kVp and 555 mgI/kg; protocol B, dual-energy mode and 389 mgI/kg. The signal-to-noise ratio (SNR)
and lesion-to-liver CNR were compared between the VMIs (40 - 120 keV, 10-keV interval) reconstructed using advanced image-based
algorithm and conventional images. Two radiologists qualitatively evaluated VMIs, compared with the 100 kVp images, using a
six-point scale.
Results: The SNRs of pancreas, aorta, portal and hepatic vein were similar to those at 100 kVp images (P > 0.05) at 40-50 keV images
during late arterial phase (LAP) and at 40-60 keV images during portal venous phase (PVP) except for the SNRs of aorta and veins at
40 keV images which were significantly higher (P < 0.0109) during both phases and PVP, respectively. The CNR of 56 hypervascular
FHLs was significantly higher at 40 - 50 keV images (P < 0.0002) and was similar at 60 keV images (P > 0.05) during LAP. The CNR
of 58 hypovascular FHLs was similar at 40 - 120 keV images (P > 0.05) during PVP. Among the VMIs, 50 keV and 50 - 60 keV images
received the highest scores (P < 0.0315 and P < 0.0041) by both reviewers during LAP and PVP, respectively.
Conclusion: Advanced 50 - 60 keV images from DSCT allowed contrast dose reduction by 30% in multiphase liver CT without im-
pairing image quality and conspicuity of FHLs, compared with the conventional 100 kVp images with 555 mgI/kg.
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1. Background

Contrast-induced nephropathy (CIN) is a sudden re-
nal dysfunction induced by the intravascular iodinated
contrast medium (CM) (1). Although recent studies re-
ported substantially lower incidence and significance of
CIN following the intravenous administration of CM dur-
ing CT scans (2), CIN is a real entity (1). In particular, in
patients with acute or severe chronic renal dysfunction,
intravenous CM may cause risk of CIN (2, 3). In addition,
acute physiologic adverse reactions that affect cardiovas-
cular function are frequently dose dependent (4). There-

fore, it seems logical (1) and is recommended (3) to use the
lowest dose of CM to obtain adequate diagnostic imaging.

There have been studies to reduce CM dose in mul-
tiphase abdominal CT using low tube voltage scanning
(5-7) or low-energy virtual monochromatic images (VMIs)
generated from single source dual-energy CT (8-10) com-
bined with a high tube current setting (5) or an iterative
reconstruction (IR) algorithm (6-10) to counterbalance in-
creased image noise at low-energy images. They are based
on the principle that the closer the X-ray energy is to the k
edge for iodine (33 keV), greater is the increase in the inher-
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ent attenuation of iodinated CM (5-8, 10, 11). However, most
previous studies conducted an evaluation in a small num-
ber of patients and did not evaluate the conspicuity of focal
hepatic lesions (FHLs) (5-9). Most previous studies also can-
not avoid interpatient variation due comparison between
different groups of patients (5, 6, 9, 10). Moreover, studies
using VMIs were limited to a fixed (8, 9) or a narrow range
of energy levels (10) from 40 to 78 keV.

Dual source dual-energy CT (DSCT) uses two tube-
detector pairs which operate at low- and high-energy tube
potentials and are mounted on the one gantry to obtain
dual-energy datasets. A second-generation DSCT with a tin-
filter and an integrated circuit detector can enhance the
iodine contrast-to-noise ratio (CNR) by improving the spec-
tral filtration (12-16) and by reducing electronic noise (12-14,
17). Furthermore, an advanced monoenergetic imaging al-
gorithm (Mono+®) can generate lower-energy VMIs which
are superior in the iodine CNR to single low kVp scans (16).
Recently, advanced lower-energy VMIs have been reported
to provide superior image quality and diagnostic perfor-
mance of FHLs during late arterial phase (LAP) (18) and
portal venous phase (PVP) (19) compared to higher-energy
VMIs and linear blending images. However, to our knowl-
edge, the feasibility of advanced VMIs from DSCT for reduc-
tion of CM dose in liver CT in the same patients with FHLs
has not been assessed over the wide range of energy levels.

2. Objectives

This study was aimed to investigate the feasibility of ad-
vanced VMIs from DSCT to reduce CM dose in multiphase
liver CT without impairing image quality and conspicuity
of FHLs.

3. Patients and Methods

3.1. Patients

This prospective study was approved by the ethics com-
mittee and review board at the University Hospital and all
patients included in the study provided written informed
consent. Between April 2016 and April 2017, 775 patients
were referred to the radiology department for liver follow-
up CT examination by clinician’s request to evaluate re-
sponse after treatment or to evaluate interval change in
the size of FHLs for decision and planning of future treat-
ment. Among them, we included 134 patients who met
the following inclusion criteria: (a) patients who had un-
dergone DSCT including LAP and PVP scanning with con-
ventional 100 kVp and 555 mgI/kg (protocol A); (b) pa-
tients with hyperenhancing FHLs during the LAP or hy-
poenhancing FHLs during the PVP; and (c) patients with

pathologic or imaging-based diagnoses for FHLs. These pa-
tients underwent follow-up DSCT with dual-energy mode
and 389 mgI/kg during LAP and PVP (protocol B). Most pa-
tients with malignant FHLs underwent treatment such as
trans-arterial chemoembolization or chemotherapy in the
interval between the different protocols. Among the 134
patients, we excluded 40 patients who had received anti-
angiogenic therapy which could affect the enhancement
degree of FHLs. Finally, we included 94 patients (75 men
and 19 women; mean age, 64.8 ± 9.2 years; range, 43 - 82
years) who had the FHLs on both multiphase liver DSCT ex-
aminations with different protocols (Figure 1). The mean
body mass index of these patients was 23.2 ± 3.0 kg/m2

(range, 18.0 - 32.8). The two protocols were not signifi-
cantly different in terms of mean body mass index. Twenty
six patients (28%) had a body mass index of 25 kg/m2 or
more, which is considered to indicate obesity in Asians
(20). The median interval between the two protocols was
2.0 months (range, 1 - 3 months). Forty-six patients (38 men,
8 women; mean age, 65.5 years; range, 47 - 82 years) had 52
hyperenhancing FHLs (mean diameter, 1.7 cm; range, 0.7
- 4.0 cm) during the LAP. Forty-eight patients (37 men, 11
women; mean age, 64.3 years; range, 43 - 76 years) had 58
hypoenhancing FHLs (mean diameter, 1.7 cm; range, 0.8 -
5.3 cm) during the PVP. The size of 110 FHLs was not sig-
nificantly different between the two protocols (protocol
A: 1.7 ± 0.8 cm, protocol B: 1.7 ± 0.7 cm, P > 0.05). The
diagnoses of the 52 hyperenhancing lesions were hepato-
cellular carcinoma (n = 44), cholangiocarcinoma (n = 3),
metastasis from advanced gastric cancer (n = 3), and he-
mangioma (n = 2). The diagnoses of the 58 hypoenhanc-
ing lesions were metastasis (n = 30) [from pancreas can-
cer (n = 15), advanced gastric cancer (n = 7), colon cancer
(n = 7), and breast cancer (n = 1)], cholangiocarcinoma (n
= 17), hepatocellular carcinoma (n = 5), atypical heman-
gioma (n = 3), and liver abscess (n = 3). The diagnoses of
FHLs were confirmed before enrollment by surgical resec-
tion (n = 46) and imaging-guided percutaneous biopsy (n
= 48) except for 16 FHLs (five hemangiomas, three liver ab-
scesses, and eight hepatocellular carcinomas). The diag-
noses of hemangiomas were determined by a combina-
tion of typical findings on liver MR examination: bright
high signal on T2-weighted images and typical dynamic en-
hancement pattern. The diagnoses of liver abscesses were
determined by clinical diagnoses and follow-up CT exam-
ination showing disappearance of the lesions with percu-
taneous aspiration of pus. The diagnoses of eight hepato-
cellular carcinomas were confirmed by typical dynamic en-
hancement pattern on liver CT examination. Patients with
hemangiomas had undergone curative resection and ad-
juvant chemotherapy for advanced gastric cancer or colon
cancer. They underwent follow-up CT for surveillance af-
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ter termination of chemotherapy to detect recurrence or
metastasis. Patients with liver abscesses underwent follow-
up CT to evaluate resolution of the abscesses after treat-
ment.

3.2. CT Imaging Protocol

All patients underwent four-phase CT scans (pre-
contrast phase, LAP, PVP, and delayed phase) on a 128-
section DSCT scanner (SOMATOM Definition Flash; Siemens
Healthineers) with an integrated circuit detector (Stellar;
Siemens). In protocol A, four phases were scanned in the
single-energy mode using automatic tube voltage modu-
lation (CARE kV; Siemens Healthineers) with the follow-
ing parameters: reference tube voltage, 120 kVp; reference
mAs, 180 mAs; section collimation, 128 × 0.6 mm with z-
flying focal spot; rotation time, 0.5 seconds; and helical
pitch, 0.75. A 1.5 mL of nonionic CM [iopromide (Ultravist),
370 mg of iodine/mL; Bayer Schering Pharma, Berlin, Ger-
many] was injected per kilogram of body weight through
the antecubital vein for a fixed injection duration of 30 sec-
onds to standardize scan timing (21) at an adjusted rate
of 2.3 - 4.4 mL/sec using a power injector. In protocol B,
the LAP and PVP were scanned in the dual-energy mode
with a tube voltage pair of 80 kVp and Sn140 kVp using
the following parameters: 230 and 89 mAs; section colli-
mation, 64 × 2 × 0.6 mm with z-flying focal spot; rota-
tion time, 0.33 seconds; and helical pitch, 0.7. Using the
same injector as in protocol A, CM was diluted by normal
saline and a 70% dose of CM was injected by the same
method as in protocol A. A 30% reduction in the CM dose
was chosen for protocol B based on our experience. The
scan range were from the lung base to the iliac crest. The
mean values of the CT dose index volume and dose-length
product of protocol B were 27.0 mGy and 973.2 mGy.cm,
respectively, which were comparable to the values of 25.4
mGy and 944.9 mGy.cm, respectively, for protocol A. The
LAP scanning was automatically triggered 17 seconds after
the predetermined threshold [100 Hounsfield units (HU)]
was reached at the abdominal aorta at the level of hepatic
dome using automatic bolus tracking software (CARE Bo-
lus CT; Siemens Healthineers). The PVP and delayed phase
scanning was performed 60 - 65 seconds and 180 seconds
after CM injection, respectively. All images were recon-
structed with a slice thickness of 3 mm and an increment of
2 mm. The sinogram-affirmed IR (SAFIRE; Siemens Healthi-
neers) at noise reduction strength 2 of 5 was applied on the
images.

3.3. Quantitative Analysis

Conventional 100 kVp images and advanced VMIs (40
to120 keV, 10-keV interval) were analyzed quantitatively us-
ing software (syngo.via, VB10B, Siemens). A circular region

of interest (ROI) covering most of FLL was drawn (mean
area, 3.6 cm2; range, 0.6 - 11.7 cm2) on the 70 keV images (12).
Then, a circular ROI of 0.6-cm2 or more was placed each in
the surrounding liver, pancreas, aorta at the level of celiac
trunk, right portal vein trunk, middle hepatic vein 2 cm dis-
tal to the confluence site with the inferior vena cava, par-
avertebral muscle, and homogeneous region of anterior
abdominal wall fat. The ROIs for hepatic vein were placed
only on the PVP images because it is difficult to differenti-
ate hepatic vein from the liver during the LAP. The drawn
ROIs were copied onto all VMIs automatically. The circular
ROIs with the same sizes and similar positions were also
drawn on the 100 kVp images using the saved 70 keV im-
ages with section positions and ROIs on a different screen.
By using the CT value and its standard deviation (SD) cal-
culated automatically for the ROI, the signal-to-noise ratio
(SNR) and the lesion-to-liver contrast-to-noise ratio (CNR)
were calculated as follows: SNRx = (CT valuex )/SD valuefat,
lesion-to-liver CNR = CT valuelesion - CT Valueliver/SD valueliver

(17). All measurements were performed three times on
three slices containing the largest diameter of the lesions
or predefined area of the structures, and average values
were calculated by a radiologist (with 13 years of clinical ex-
perience).

3.4. Qualitative Analysis

Two radiologists with 23 and 26 years of clinical expe-
rience in abdominal CT qualitatively analyzed pairs of con-
ventional 100 kVp images and advanced VMIs on the PACS
(Impax 5.3, Agfa, Mortsel, Belgium) using separate screens
by having two image sets displayed side by side. The VMIs
were presented to the reviewers in random order of keV
from 40 to120 keV (10-keV interval) in each patient. To mini-
mize recall bias, each reading session in which pairs of con-
ventional images and VMIs of only one keV level were eval-
uated was separated with an interval of two weeks. The re-
viewers were aware of which image set comprised the 100
kVp images but unaware of the keV level of VMIs. They re-
viewed the VMIs independently and recorded their score
with respect to the image quality and lesion conspicuity,
compared with the 100 kVp image using a six-point scale.
The definitions of each point on the scale were based on
our experience with VMIs and encompassed comprehen-
sive analysis of the lesion delineation, enhancement de-
gree of vessels and organs, noise, artifacts, and diagnostic
acceptability (Table 1). To reduce learning bias, representa-
tive images of each point that were going to be analyzed
but were not included in the study were shown to the re-
viewers before analysis.
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Patients referred to the radiology department for liver 
follow-up CT examination by clinician's request (n = 775) 

Inclusion criteria: (n = 134) 

Exclusion criteria: (n = 40) 

(a) Patients who had undergone contrast-enhanced DSCT including 
       LAP and PVP scanning with conventional 100 kVp and 555 mgl/kg 
       (protocol A) 
(b) Patients with hyperenhancing FHLs during LAP or hypoenhancing 
       FHLs during PVP 
(c) Patients with pathologic or imaging-based diagnoses for FHLs

(a) Patients who had received anti-angiogenic therapy which can affect 

     enhancement degree of FHLs 

Patients who had the FHLs on both multiphase liver DSCT 
examinations with different protocols A and B (n = 94) 
(protocol B: DSCT with dual-energy mode and 389 mgI/Kg during the 
LAP and PVP ) 

Figure 1. Flowchart of patient’s enrollment. DSCT, dual source dual-energy CT; LAP, late arterial phase; PVP, portal venous phase; FHLs, focal hepatic lesions

3.5. Statistical Analysis

Statistical analyses were performed using MedCalc ver-
sion 17.6 (MedCalc Software, Ostend, Belgium). The data
were expressed as the medians (interquartile range) or the
means ± one SD after normality test using D’Agostino-
Pearson test. Quantitative SNRs and CNRs were compared
between the conventional images and VMIs using paired
samples t-test or Wilcoxon test. Qualitative scores of VMIs,
compared with the 100 kVp images, were compared among
the 40 to120 keV images using Friedman test followed by
post hoc analysis. Classification of the numbers of patients
according to the scores was compared among the 40 to 120
keV images using chi-squared test for trend. Interobserver
agreement of scores was evaluated using the intraclass cor-
relation coefficient. A Kappa (k) of 0 - 0.39, 0.40 - 0.59, 0.60
- 0.74, or 0.75 - 1.0 was considered to reflect poor, fair, good,
or excellent agreement, respectively. P values < 0.05 were
considered to suggest statistically significant difference.

4. Results

4.1. Quantitative Analysis

The differences of SNRs between the conventional 100
kVp images and advanced VMIs during the LAP and PVP
are shown in Table 2 and Figure 2. The SNRs of pancreas,

aorta and portal vein at 40 - 120 keV images during both
phases and of hepatic vein and liver during the PVP de-
creased as the energy increased. Meanwhile, the SNRs of
liver during the LAP and of paraspinal muscle during both
phases increased as the energy increased. Except for the
SNRs of aorta and veins at 40 keV images, which were sig-
nificantly higher during both phases (P < 0.0013) and PVP
(P < 0.0109), respectively, the SNRs of pancreas, aorta and
veins were similar at 40 - 50 keV images during the LAP and
at 40 - 60 keV images during the PVP, compared with those
at the 100 kVp images (P > 0.05). The SNR of liver was sim-
ilar at 60 - 70 keV images during the LAP (P > 0.05) and at
40 - 60 keV images during the PVP (P > 0.05). The SNR of
paraspinal muscle was similar at 60 - 70 keV images during
the LAP (P > 0.05) and at 70 - 80 keV images during the PVP
(P > 0.05) (Figure 2). The differences of lesion-to-liver CNRs
between the conventional images and advanced VMIs are
shown in Table 3. The CNR of hyperenhancing FHLs was sig-
nificantly higher at 40 - 50 keV images (P < 0.0002) and was
similar at 60 keV images (P > 0.05) during the LAP (Figure
3). The CNR of hypoenhancing FHLs was similar at 40 - 120
keV images (P > 0.05) during the PVP (Figure 4).

4.2. Qualitative Analysis

The VMI scores compared with the conventional im-
ages are listed in Table 4. During the LAP, 50 keV images had
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Table 1. Definition of Six-Point Scale Used in Qualitative Analysis of VMIs Compared with Conventional 100 kVp Images

Score Definition

6, Superior

1. Enhancement degree of vessels and organs is comparable or superior AND

2. Noise and artifacts are absent or comparable AND

3. Lesion delineation is superior

5, Comparable

1. Enhancement degree of vessels and organs is comparable or superior AND

2. Noise and artifacts are absent or comparable AND

3. Lesion delineation is comparable

4, Slightly inferior but diagnostic

1. Liver shows a noisy texture OR

2. New minor artifacts (not interfering with the diagnostic decision) are present AND

3. Enhancement degree of vessels and organs is comparable or superior AND

4. Lesion delineation is comparable or superior

1. Enhancement degree of vessels and organs is inferior AND

2. Lesion delineation is comparable or slightly inferior

3, Inferior and less diagnostic

1. Lesion delineation is inferior OR

2. New major artifacts (affecting the diagnostic information or visualization of major structures) are present OR

3. In the case of PVP images, can delineate intrahepatic veins only after comparison with the 100 kVp images.

2, Non-diagnostic

1. Can delineate the lesions only after comparison with the 100 kVp images OR

2. In the case of PVP images, cannot delineate intrahepatic veins even after comparison with the 100 kVp images.

1, Poor

Cannot delineate the lesions even after comparison with the 100 kVp images

Abbreviations: PVP, portal venous phase; VMI, virtual monochromatic image

the highest scores (5.33 and 5.13 by two reviewers, respec-
tively, P < 0.0315), indicating that both radiologists consid-
ered 50 keV images comparable to the 100 kVp images. Two
reviewers considered 50 keV images comparable or supe-
rior to the 100 kVp images in 89.1% (41 of 46) and 84.5% (39
of 46) of patients with hyperenhancing focal liver lesions
(FLL), respectively, and it was significantly more frequent
than the other VMIs (P < 0.0018) (Figure 3). Similarly, 50-60
keV images showed higher scores (4.90 and 4.79 at 50 keV
images, 4.75 and 4.79 at 60 keV images by two reviewers, P <
0.0041) than the other VMIs during the PVP. No significant
differences were found in the scores between the 50 keV
and 60 keV images (P = 0.0897 and 1.0000 by two reviewers,
respectively). Two radiologists considered 50 keV images
comparable or superior to the 100 kVp images in 83.3% (40
of 48) and 70.8% (34 of 48) of patients with hypoenhanc-
ing FHLs, and considered 60 keV images comparable or su-

perior in 75.0 % (36 of 48) and 79.2% (38 of 48) of patients
with hypoenhancing FHLs. It was also significantly more
frequent than the other VMIs (P < 0.0018) (Figure 4). The in-
terobserver agreement of scores was excellent (k > 0.863).

5. Discussion

Although there is no robust data supporting a dose-
toxicity relationship for intravenous CM, the smallest di-
agnostically appropriate amount of intravenous CM may
be necessary to reduce the risk of CIN especially for on-
cology patients with compromised renal function who un-
dergo serial CT examinations for surveillance and treat-
ment monitoring (5, 11, 22). There have been studies to at-
tempt to reduce the CM dose without compromising im-
age quality in multiphase abdominal CT using low-energy
kVp or keV images. In a recent study using 40 - 70 keV
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Figure 2. The signal to noise ratios (SNR) between the conventional 100 kVp images and advanced virtual monochromatic images (VMI) at 40 - 120 keV images (10-keV interval)
during late arterial phase (LAP) and portal venous phase (PVP). A - E, The straight solid and dotted lines represent the values for the 100 kVp images during LAP and PVP,
respectively. A - C, The SNRs of pancreas, aorta, and veins were similar at 40 - 50 keV images during LAP and at 40 - 60 keV images during PVP compared with those at 100
kVp images except for the SNRs of aorta and veins at 40 keV images which were significantly higher during both phases and PVP, respectively. D and E, The SNRs of liver and
paraspinal muscle were similar at 60 - 70 keV images during LAP. During PVP, the SNRs of liver and paraspinal muscle were similar at 40 - 60 keV images and at 70 - 80 keV
images, respectively.

images generated from single source dual energy CT (10),
the CNRs of aorta, portal vein and liver were significantly
higher at 40 - 60 during the LAP, which was similar at 40
- 60 keV images. In our study, only the SNRs of aorta and
intrahepatic veins were significantly higher at 40 keV im-
ages during both phases and PVP, respectively. This dis-
crepancy could be explained by differences in the applied

peak tube voltage and reconstruction technique of con-
ventional images. We compared VMIs with conventional
100 kVp images reconstructed with IR algorithm; whereas,
VMIs were compared with conventional 120 kVp images re-
constructed with filtered back projection in all previous
studies (5-10) including the most recent study on this sub-
ject (10). Conventional 100 kVp images reconstructed with
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Figure 3. Late arterial phase images in a 76-year-old man with a 1.5 cm hepatocellular carcinoma by imaging-based diagnosis. A, The axial conventional 100 kVp image shows
a hyperenhancing nodule (arrow) in segment 2 of the left hepatic lobe. The lesion-to-liver contrast to noise ratio (CNR) was 3.71. B, The axial advanced 50 keV image shows
the same hyperenhancing nodule of similar size (arrow) with a lesion-to-liver CNR of 4.92, which was significantly higher than that on the 100 kVp image. Two radiologists
considered the 50 keV images superior to the 100 kVp images, based on the superior lesion delineation and comparable enhancement degree, noise and artifacts.

Figure 4. Portal venous phase images in a 75-year-old woman with a 1.1 cm metastatic nodule from breast cancer, diagnosed by percutaneous biopsy. A, The axial conventional
100 kVp image shows a hypoenhancing nodule (arrow) in segment 8 of right hepatic lobe. The lesion-to-liver contrast to noise ratio (CNR) was 4.29. B, The axial advanced 50
keV image shows the same hypoenhancing nodule of similar size (arrow) with a lesion-to-liver CNR of 4.30. Two radiologists considered the 50 keV images comparable to the
100 kVp images, based on the comparable lesion delineation, enhancement degree, noise and artifacts.

IR are reported to exhibit approximately 20% higher con-
trast enhancement and lower image noise than conven-
tional 120 kVp images reconstructed with filtered back pro-
jection (6, 22). Nevertheless, our results showed that DSCT
with a 30% reduced CM dose can provide image quality
and conspicuity of FHLs comparable or superior to those
of conventional 100 kVp images with higher CM dose and
IR using 50 - 60 keV images. The optimal monochromatic
energy levels suggested in this study agree with those re-
ported in previous studies using single source dual-energy
CT (9, 10).

As far as we know, this study is the first to evaluate

the conspicuity of FHLs, including hyperenhancing and hy-
poenhancing lesions, on the VMIs over the wide range of
energy levels with reduced CM dose. The detection of ma-
lignant FHLs with improved delineation is important for
treatment decisions, planning and monitoring. Only two
studies evaluated a small number of hypervascular lesions
such as hepatocellular carcinoma (8, 10). In our study, 40 -
90 keV images showed a CNR that was significantly higher
or lower than that of conventional images with a differ-
ence of less than 1.0 in hyperenhancing FHLs. Regarding
FHLs, 94% (103 of 110) of FHLs showed a CNR that was sig-
nificantly higher or lower than that of conventional im-
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ages with a difference of less than 1.0 on the VMIs except
for 7 hypoenhancing FHLs. At 50 - 60 keV images, 98% (51
of 52) of hyperenhancing FHLs and 81% (47 of 58) of hy-
poenhancing FHLs showed such a CNR. Our results could
be due to higher beam attenuation by iodine and resul-
tant higher contrast between FHLs and normally enhanced
liver parenchyma on low-energy VMIs compared with con-
ventional polychromatic single energy CT (11, 23), even in
the setting of a reduced CM dose. Meanwhile, an increased
mean energy of polychromatic X-ray beam by preferen-
tial absorption of low-energy photons during transmis-
sion through the body moves away from the k-edge for io-
dine (33.2 keV), and the decreased attenuation of iodinated
CM lessens the contrast between objects (24). Our results
could also be due to effective noise reduction in low-energy
VMIs by the integrated circuit detector combined with IR
(17) and advanced monoenergetic imaging algorithm (16).
Interestingly, 33 % (19 of 58) of hypovascular FHLs showed
higher CNRs at 80 - 120 keV images than at 40 - 70 keV im-
ages. This finding could be explained by the similar iodine
concentration of these lesions to adjacent liver resulting
in no beneficial contrast at low-energy VMIs in contrast to
hypervascular FHLs. Rather high-energy VMIs (> 95 keV)
may have beneficial effect on the CNR due to less noise and
beam hardening artifacts (11, 12, 25). Inclusion of hypovas-
cular FHLs with various iodine concentration may make
the CNR of hypovascular FHLs similar to that of conven-
tional 100 kVp images at 40 - 120 keV images in this study.

In preliminary studies (12, 23, 25), 60 - 70 keV images
were reported to provide maximum iodine CNR and im-
proved image quality that are comparable or superior to
those of conventional 120 kVp images with the same radi-
ation dose. Another preliminary study reported that 50 -
60 keV images provided the highest CNR of hyperenhanc-
ing FHLs (24). Recently, advanced 50 keV images have been
reported to provide the best image quality and diagnostic
performance of FHLs during LAP (18) and PVP (19). Based on
our results and previous results (9, 10), 50 - 60 keV images
could be used for routine images to reduce CM dose with-
out impairing the image quality and conspicuity of FHLs
compared with conventional 120 or 100 kVp images. In our
study, 40 keV and 70 keV images were considered slightly
inferior but diagnostic in 52% - 82% of patients by two re-
viewers because of increased noise or new minor artifacts
at 40 keV images and decreased enhancement of organs
and vessels at 70 keV images. Qualitative scores did not
show any significant difference between the two images
during PVP according to the two reviewers. Meanwhile, 100
- 120 keV images were considered non-diagnostic or poor
in most patients because of the poor delineation of hyper-
enhancing FHLs and intrahepatic venous structures even
after comparison with the conventional images. Addition-

ally, 80 - 90 keV images were considered less diagnostic in
48% - 58% of patients because of the detection of intrahep-
atic venous structures only after comparison with the con-
ventional images.

Most previous studies (5, 6, 9, 10) to reduce CM dose
using low-energy CT images compared different groups of
patients with different CT protocols. However, these stud-
ies are subject to interpatient-related confounding factors
such as body mass index, cardiac function, or status of in-
travenous access which can affect image quality and lesion
conspicuity. This approach has also weakness in the evalua-
tion of lesion conspicuity because FHLs are completely dif-
ferent between the protocols. We believe intra-individual
comparison during a short period of time is a way to re-
duce interpatient variation in terms of visceral organs and
FHLs. We also believe our approach is more similar to real
clinical practice and can be expected to produce more simi-
lar results to research results when applied to clinical prac-
tice. However, our study had the following limitations.
First, because it was a prospective single institution study,
a certain selection bias could not be avoided. Our study
results might be, at least in part, due to the inclusion of
fewer obese patients. For larger-sized patients, low-energy
VMIs might not provide image quality and lesion conspicu-
ity to the same degree as that for thinner patients because
more pronounced image noise and bean hardening in the
larger-sized patients would reduce the iodine contrast and
lesion conspicuity considerably (11, 24). However, the body
habitus of our patients was larger than (5-7) or similar to
(9, 10) those of previous studies except for one study per-
formed in a western country (8). Second, we did not eval-
uate non-liver lesions. We also did not evaluate diagnostic
performance of FHLs, one of the major roles of multiphase
liver CT. Therefore, further studies are needed to evaluate
non-liver lesions and diagnostic performance of FHLs us-
ing our protocol in all sizes of patients. Third, among
the different dual-energy CT technologies such as single
source CT system with rapid kVp switching (GE healthcare)
or with layered detector (Philips healthcare) (12), we as-
sessed only dual source technology with the then-available
version of IR. Because algorithm of IR and synthesis of VMI
are based on different methods (12, 17, 25), our results may
not be applicable to the combination of other dual-energy
technologies and IR methods. Fourth, our study results
might have been affected by interval changes in size and
imaging features of FHLs or in liver fat content. However,
we believe it might be insignificant because the two pro-
tocols in the median interval of 2.0 months were not sig-
nificantly different in terms of mean lesion size and in
each patient, the difference in the mean CT value of liver
on precontrast phase was less than 5 HU between the two
protocols. Fifth, we did not evaluate intra-observer relia-
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bility regarding ROI measurements. However, sampling
bias might be minimal because the only author who drew
ROIs had 13 years of clinical experience in CT imaging and
3 years of experience making ROI measurements on the
FHLs, with the use of the same approach used in previous
published research. Finally, we did not compare low-tube
voltage scans and low-energy VMIs using DSCT. Although
low-tube voltage scanning combined with IR might show
higher radiation dose reduction, a fixed peak tube voltage
level cannot provide the optimized images according to
patient size and clinical tasks and cannot provide more
information such as material differentiation capabilities
than dual-energy CT (10).

In conclusion, advanced 50 - 60 keV images from DSCT
allowed contrast dose reduction by 30% in multiphase
liver CT without impairing image quality and conspicuity
of FHLs compared with the conventional 100 kVp images
with 555 mgI/kg.
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Table 2. Difference of SNRs Between 100 kVp Images and Advanced VMIs During LAP and PVPa , b

SNR LAP (n = 46) P value PVP (n = 48) P value

SNR of aorta100kVp 20.24 ± 3.99 10.22 (8.64, 11.10)

SNR of aorta40 23.54 ± 4.74 < 0.0001 11.84 ± 1.92 0.0012

SNR of aorta50 21.16 ± 4.24 0.1163 10.72 ± 1.73 0.4567

SNR of aorta60 18.66 ± 3.77 0.0040 9.56 ± 1.62 0.0635

SNR of aorta70 16.32 ± 3.34 < 0.0001 8.05 (7.45, 9.65) <0.0001

SNR of aorta80 14.29 ± 2.98 < 0.0001 7.12 (6.54, 8.74) < 0.0001

SNR of aorta90 12.61 ± 2.69 < 0.0001 6.36 (5.82, 8.09) < 0.0001

SNR of aorta100 11.26 ± 2.47 < 0.0001 5.76 (5.30, 7.51) < 0.0001

SNR of aorta110 10.14 ± 2.26 < 0.0001 5.35 (4.83, 7.00) < 0.0001

SNR of aorta120 9.25 ± 2.09 < 0.0001 5.37 ± 1.25 < 0.0001

SNR of portal vein100kVp 8.23 (6.68, 9.21) 10.99 (10.02,11.50)

SNR of portal vein40 7.63 (6.45, 11.42) 0.1388 12.87 ± 2.04 < 0.0001

SNR of portal vein50 7.45 (5.84, 10.58) 0.8827 11.41 ± 2.58 0.0509

SNR of portal vein60 7.21 (5.15, 9.70) 0.0957 10.39 ± 1.68 0.0635

SNR of portal vein70 6.93 (4.95, 8.67) 0.0003 8.86 (8.12, 10.15) < 0.0001

SNR of portal vein80 6.29 (5.11, 7.73) < 0.0001 7.87 (7.32, 9.11) < 0.0001

SNR of portal vein90 5.96 ± 1.55 < 0.0001 6.94 (6.67, 8.34) < 0.0001

SNR of portal vein100 5.61 ± 1.42 < 0.0001 6.26 (5.96, 7.67) < 0.0001

SNR of portal vein110 5.30 ± 1.33 < 0.0001 5.74 (5.41, 7.15) < 0.0001

SNR of portal vein120 5.06 ± 1.26 < 0.0001 5.32 (5.05, 6.74) < 0.0001

SNR of hepatic vein100kVp - 10.68 ± 2.60

SNR of hepatic vein40 - 11.44 (9.51, 15.29) 0.0108

SNR of hepatic vein50 - 10.99 ±2.58 0.4680

SNR of hepatic vein60 - 9.93 ± 2.30 0.0723

SNR of hepatic vein70 - 8.96 ±2.08 0.0001

SNR of hepatic vein80 - 8.12 ± 1.89 < 0.0001

SNR of hepatic vein90 - 7.41 ± 1.72 < 0.0001

SNR of hepatic vein100 - 6.77 ± 1.52 < 0.0001

SNR of hepatic vein110 - 6.31 ± 1.42 < 0.0001

SNR of hepatic vein120 - 5.94 ± 1.32 < 0.0001

SNR of pancreas100kVp 7.20 ± 1.60 5.58 ± 0.90

SNR of pancreas40 7.50 ± 1.80 0.1817 5.88 ± 0.96 0.1817

SNR of pancreas50 7.13 ± 1.67 0.6984 5.61 ± 0.83 0.6984

SNR of pancreas60 6.72 ± 1.54 0.0075 5.32 ± 0.76 0.0075

SNR of pancreas70 6.32 ± 1.44 < 0.0001 4.86 (4.38, 5.63) < 0.0001
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SNR of pancreas80 5.97 ± 1.37 < 0.0001 4.65 (4.19, 5.33) < 0.0001

SNR of pancreas90 5.67 ± 1.32 < 0.0001 4.41 (4.00, 5.08) < 0.0001

SNR of pancreas100 5.42 ± 1.29 < 0.0001 4.28 (3.88, 4.91) < 0.00001

SNR of pancreas110 5.19 ± 1.24 < 0.0001 4.03 (3.77. 4.74) < 0.0001

SNR of pancreas120 5.01 ± 1.21 < 0.0001 4.16 ± 0.88 < 0.0001

SNR of liver100kVp 3.91 ± 0.74 6.66 ± 1.05

SNR of liver40 3.08 ± 0.80 < 0.0001 6.40 ± 1.21 0.1908

SNR of liver50 3.41 ± 0.80 0.0002 6.35 (5.56, 6.87) 0.1321

SNR of liver60 3.78 (3.10, 4.29) 0.1231 6.22 (5.60, 6.80) 0.0822

SNR of liver70 3.95 (3.41, 4.52) 0.4454 6.01 (5.59, 6.78) 0.0373

SNR of liver80 4.15 (3.66, 4.70) 0.0107 5.92 (5.49, 6.67) 0.0140

SNR of liver90 4.20 (3.89, 4.89) 0.0002 5.89 (5.32, 6.62) 0.0045

SNR of liver100 4.56 ± 0.93 < 0.0001 5.83 (5.16, 6.59) 0.0018

SNR of liver110 4.65 ± 0.96 < 0.0001 5.77 (5.03, 6.56) 0.0007

SNR of liver120 4.72 ± 0.99 < 0.0001 5.70 (4.95, 6.52) 0.0003

SNR of PSM100kVp 3.28 (2.90, 3.40) 3.72 ± 0.54

SNR of PSM40 2.42 (2.11, 2.52) < 0.0001 2.79 ± 0.68 < 0.0001

SNR of PSM50 2.70 (2.45, 2.93) < 0.0001 3.13 ± 0.69 < 0.0001

SNR of PSM60 3.00 (2.79, 3.31) 0.0566 3.45 ± 0.72 0.0102

SNR of PSM70 3.28 (3.08, 3.71) 0.0566 3.72 ± 0.76 0.9608

SNR of PSM80 3.50 (3.28, 4.06) < 0.0001 3.92 ± 0.81 0.0740

SNR of PSM90 3.74 (3.38, 4.34) < 0.0001 4.08 ± 0.85 0.0034

SNR of PSM100 3.84 (3.47, 4.56) < 0.0001 4.19 ± 0.89 0.0003

SNR of PSM110 3.92 (3.53, 4.74) < 0.0001 4.27 ± 0.91 < 0.0001

SNR of PSM120 4.03 (3.57, 4.88) < 0.0001 4.34 ± 0.93 < 0.0001

Abbreviations: LAP, late arterial phase; PSM, paraspinal muscle; PVP, portal venous phase; SD, standard deviation; SNR, signal to noise ratio; VMI, virtual monochromatic
image
aValues are expressed means ± SD or medians (interquartile range).
bBetween the 100 kVp images and VMIs, P values were calculated using a paired samples t-test or Wilcoxon test.
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Table 3. Difference of Lesion-to-Liver CNRs Between 100 kVp Images and Advanced VMIsa , b

Lesion-to-liver CNR Hyperenhancing FHL (n = 52) P value Hypoenhancing FHL (n = 58) P value

Lesion-to-liver CNR100kVp 2.76 (2.00, 3.78) 3.00 ± 1.50

Lesion-to-liver CNR40 3.77 (3.11, 5.02) < 0.0001 2.72 ± 1.41 0.1055

Lesion-to-liver CNR50 3.29 (2.76, 4.47) 0.0001 2.80 ± 1.33 0.2286

Lesion-to-liver CNR60 2.90 (2.29, 3.98) 0.0723 2.89 ± 1.24 0.4577

Lesion-to-liver CNR70 2.52 (1.81, 3.48) 0.0384 2.95 ± 1.17 0.7169

Lesion-to-liver CNR80 2.10 (1.60, 2.98) < 0.0001 2.98 ± 1.12 0.9053

Lesion-to-liver CNR90 1.79 (1.33, 2.39) < 0.0001 3.00 ±1.10 0.9990

Lesion-to-liver CNR100 1.54 (1.14, 2.02) < 0.0001 3.00 ± 1.10 0.9998

Lesion-to-liver CNR110 1.29 (0.82, 1.65) < 0.0001 2.99 ± 1.11 0.9511

Lesion-to-liver CNR120 1.11 (0.61, 1.47) < 0.0001 2.98 ± 1.12 0.8939

Abbreviations: CNR, contrast to noise ratio; FHL, focal hepatic lesion; SD, standard deviation; VMI, virtual monochromatic image
aValues are expressed means ± SD or medians (interquartile range).
bBetween the 100 kVp images and VMIs, P values were calculated using a paired samples t-test or Wilcoxon test.
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Table 4. Qualitative Scores of Advanced VMIs, Compared with Conventional 100 kVp Images During LAP and PVPa , b , c

40 keV 50 keV 60 keV 70 keV 80 keV 90 keV 100 keV 110 keV 120 keV

LAP

R1 4.24 ± 0.57 5.33 ± 0.67 4.72 ± 0.54 3.87 ± 0.69 3.22 ± 0.73 2.59 ± 0.86 1.98 ± 0.91 1.48 ± 0.72 1.33 ± 0.70

R2 4.20 ± 0.58 5.13 ± 0.65 4.72 ± 0.54 3.98 ± 0.68 3.20± 0.75 2.59 ± 0.86 2.09 ± 0.86 1.50 ± 0.72 1.35 ± 0.71

PVP

R1 4.33 ± 0.63 4.90 ± 0.47 4.75 ± 0.44 4.15 ± 0.58 3.33± 0.66 2.56 ± 0.58 1.85 ± 0.46 1.42 ± 0.50 1.19 ± 0.39

R2 4.25 ± 0.56 4.79 ± 0.58 4.79 ± 0.41 4.27 ± 0.64 3.42 ± 0.77 2.56 ± 0.54 1.85 ± 0.46 1.42 ± 0.50 1.17 ± 0.38

P-values for Comparison Between Different VMIs

Between the
VMIs

40 keV vs. 70
keV

50 keV vs. 60
keV

The others

LAP PVP

R1 < 0.0315 R1 0.4386 0.0897 < 0.0010

R2 < 0.0068c R2 0.4710 1.0000 < 0.0041

Abbreviations: LAP, late arterial phase; PVP, portal venous phase; R1, reviewer 1; R2, reviewer 2; SD, standard deviation; VMI, virtual monochromatic image
aValues are expressed as means ± SD.
bAmong the 40 to 120 keV images (10-keV interval), P values were calculated using Friedman test.
cExcept between 40 keV vs. 70 keV (P = 0.4202).
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