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Abstract

Objective To investigate the image quality and radiation dose of dual-energy computed tomography (DECT) with automatic

spectral imaging protocol selection (ASIS) compared with those of low-kVp CT in abdominal multiphase CT.

Methods Four groups of 60 patients each underwent abdominal scans with low-kVp CT (A, 80 kVp/300 mg I/kg, body mass

index [BMI] <23.9 kg/m?; C, 100 kVp/400 mg I/kg, BMI ranging from 24 to 28.9 kg/m*) or DECT with ASIS, and the 40- to

60-keV virtual monochromatic images (VMIs) generated (B and D) were matched by age, gender, BMI, cross-sectional area, and

contrast agent dose; 9 patients were excluded due to technical failures. The CT number, image noise, contrast-to-noise ratio, and

subjective image quality were compared between the matched protocols (A and B or C and D) on 1.25-mm reconstructed images.

Results VMIs at approximately 55 keV and 62 keV had CT numbers and contrast similar to those of 80-kVp and 100-kVp CT

images, respectively. Compared to matched low-kVp images, VMIs at 50 keV provided a higher CT number and image noise and

a similar or higher contrast and overall image quality. The radiation dose for DECT was higher than that of 80-kVp CT (increased

by 10%), but was similar to that of 100-kVp CT.

Conclusion Compared to matched low-kVp CT, VMIs at 50 keV in DECT with ASIS provided similar or higher overall image

quality, with no or minimal dose penalty in small- and medium-sized patients.

Key Points

* Virtual monochromatic images at approximately 55 keVand 62 keV have CT numbers and contrast similar to those of 80-kVp
and 100-kVp CT images, respectively, with a given noise index.

o The radiation dose in dual-energy CT with automatic spectral imaging protocol selection was slightly higher than that of
80-kVp CT (increased by 10%) but was similar to that of 100-kVp CT.

* Dual-energy CT may be able to replace 100-kVp CT for routine clinical abdominal contrast-enhanced CT scans.

Keywords CT protocol - Tomography, X-ray computed - Image processing, computer-assisted - Radiation dosage -
Cross-sectional studies

Abbreviations CNR Contrast-to-noise ratio
AP Arterial phase CTDIvol Volume computed tomography dose index
ASIR Adaptive statistical iterative reconstruction IC Iodine concentration
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kVp Peak kilovoltage
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of 80—140 kVp [1, 2] from a single-energy CT (SECT) exam-
ination. The low tube voltage CT technique (80 kVp or
100 kVp) used in abdominal CT improves the contrast en-
hancement of vessels and organs and reduces the radiation
dose [3-5]. Similarly, virtual monochromatic images (VMI)
generated from dual-energy CT (DECT) system provides
higher contrast and more noise at low energy levels (40 to
60 keV) [6]. Low-energy images can be acquired with auto-
mated tube current modulation (ATCM) and noise reduction
[2, 7-10].

Material decomposition (MD) images from DECT enable
the measurements of iodine concentrations (ICs) for detection
and characterization of different tissues [11, 12], thus
expanding the diagnostic information of conventional SECT
images. Automatic spectral imaging protocol selection (ASIS)
technique (Gemstone Spectral Imaging (GSI) Assist, GE
Healthcare) in DECT provides practical recommendations re-
garding the optimal spectral imaging preset based on the pa-
tient’s size and preferred scan parameters. This protocol rec-
ommendation has the potential to optimize the radiation dose
and the image quality of VMIs by adjusting the image acqui-
sition parameters (rotation time, scan field of view, detector
coverage, and tube current) [13]. The value of ASIS in ab-
dominal DECT, compared to low-kVp CT, has not yet been
demonstrated in small- and medium-sized patients. Previous
studies [14, 15] comparing the image quality and radiation
dose of DECT and SECT have mainly focused on compari-
sons with SECT using 120-kVp CT instead of low-kVp CT
[15]. Although Yu et al [16] demonstrated the relationship
between optimized VMIs in dual-source DECT and polychro-
matic images in low-kVp CT in a phantom study, it remains
unclear whether DECT can replace low-kVp SECT for routine
clinical use.

The aim of this study was to compare the image quality,
radiation dose, and lesion detectability of DECT using ASIS
technique with those of single-energy low-kVp CT (80 kVp
and 100 kVp) for abdominal applications in matched patient
cohorts.

Methods

This study was approved by our institutional review board,
and written informed consent was obtained from all patients.
In total, 378 consecutive patients with known or suspected
primary or secondary liver lesions, chronic hepatitis, or cirrho-
sis based on prior treatment history, imaging findings, or a
high level of tumor marker underwent multiphase liver CT.
The exclusion criteria for CT were a history of hypersensitiv-
ity to iodinated contrast media, compromised renal function
(estimated glomerular filtration rate < 30 mL/min/1.73 m?), or
severe cardiac insufficiency.

Two hundred forty patients were selected and divided
into low-kVp group (n=120) or DECT group (n=120)
based on the study period and imaging protocol used and
were matched by age, gender, body mass index (BMI), and
cross-sectional area of the abdomen (Table 1). Deviations of
+2 years, £2 kg/m” and £2 cm were considered acceptable
for age, BMI, and cross-sectional transverse abdomen area
matching [17, 18]. In the first half of the study period, pa-
tients underwent SECT using 80 kVp (protocol A, n=60) if
their BMI was <23.9 kg/m” (underweight and normal BMI)
or using 100 kVp (protocol C, n=60) if their BMI ranged
from 24 to 28.9 kg/m* (overweight) [19]. In the second half
of the study period, another 120 patients underwent DECT
and were matched accordingly to patients with low-kVp
protocols (7 =60 each, protocol B vs. protocol A; protocol
D vs. protocol C). If more than one subject who received
protocol B (or D) had the same gender, age, and BMI as
those of a patient in protocol A (or C), the patient with the
most similar cross-sectional abdominal area was chosen.

Detailed information regarding the study design is summa-
rized in Fig. 1.

CT examinations and contrast agent infusion
protocols

Unenhanced and two-phase contrast material-enhanced CT ex-
aminations of the entire liver were performed for all patients
using a Discovery CT750HD scanner (GE Healthcare).
Unenhanced examinations were performed with the helical im-
aging mode at a tube voltage of 120 kVp and ATCM. The de-
tailed contrast-enhanced CT scanning parameters of each proto-
col are shown in Table 1. The optimal spectral imaging presets
for each patient in protocols B and D were automatically selected
using ASIS. Nonionic contrast material (Iohexol, Omnipaque,
350 mg I/mL; GE Healthcare) was injected via antecubital ve-
nous access at an adjusted rate and total iodine dose based on
patient body weight [20], followed by an injection of 20 mL of
saline. The acquisition times for arterial-phase (AP) and portal
venous-phase (PVP) images were constant at 30 s and 60 s,
respectively, after contrast agent administration [13].

Based on a previous study [21], images obtained using pro-
tocols A and C were reconstructed with 50% adaptive statistical
iterative reconstruction (ASIR) and a standard kernel to achieve a
balance between image noise and contrast. For protocols B and
D, VMIs with energy values ranging from 40 to 60 keV in
10-keV increments were reconstructed with 50% ASIR blending
based on the manufacturer’s recommendations and on the results
of previous studies [ 13, 22]. Water- and iodine-based MD images
were reconstructed from the spectral CT acquisition for analysis.
VMIs from 40 to 70 keV in 1-keV increments were reconstructed
to match the CT numbers of low-kVp images.
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Table 1 Summary of

demographic data of patients and Low-kVp protocol Spectral imaging protocol
scanning parameters for each
protocol Protocol A Protocol C Protocol B Protocol D
Patient parameters
Age (years) 57.1+15.3 5524157 573+12.1 553+11.2
Sex (M/F) 32/28 35/25 2/28 35/25
Weight (kg) 585+74 702+7.6 57784 72.4+6.3
BMI (kg/m?) 21.2+£25 263+1.8 21.5+24 26.7+1.5
Abdomen AP diameter (cm) 23.6+3.6 223420 23.9+2.38 23.0+£2.6
Liver disease*
Absent 19 (27.1) 13 (20.3) 15 (24.2) 10 (14.7)
Viral 3(4.3) 2(3.1) 6 (9.7) 3 (4.4)
Liver cirrhosis 12 (17.1) 8 (12.5) 5(8.1) 18 (26.4)
Hemangioma 6 (8.6) 7 (10.9) 4(6.5) 9 (13.2)
Hepatocellular carcinoma 15(21.4) 22 (34.3) 18 (29.0) 19 (27.9)
Metastasis 6 (8.6) 2 (3.1) 1(1.6) 3(4.4)
Other 9(12.9) 10 (15.6) 13 (21.0) 6 (8.8)
Scanning parameters
Tube voltage (kVp) 80 100 80 and 140 80 and 140
Tube current (mA) eff. 220-600 280-600 260-600 260-600
Gantry rotation time (s) 0.8 0.8 0.7-0.8 0.7-0.8
Detector coverage (mm) 40 40 40 40
Pitch 1.375:1 1.375:1 1.375:1 1.375:1
Scan field of view (cm) 36 50 36 50
Noise index (HU)' 10 10 10 10
Section/reconstructed thickness (mm) 5.0/1.25 5.0/1.25 5.0/1.25 5.0/1.25
Reconstruction algorithm 50% ASIR 50% ASIR 50% ASIR 50% ASIR
Reconstruction kernel Standard Standard Standard Standard
MD parameter - - Iodine to water Iodine to water
Iodine concentration (mg I/kg) 300 400 300 400

For the patient parameters, data are shown as the means and standard deviations, except for the sex ratio. No
significant differences were found between protocol A and protocol B or between protocol C and protocol D in the

distribution of liver diseases (p >0.05)

ASIR adaptive statistical iterative reconstruction, /D material decomposition

*Data are shown as the frequencies of scores, with percentages in parentheses

T 5-mm section thickness

" Hepatitis B virus or hepatitis C virus

Image analysis
Quantitative analysis

All images were transferred to a commercially available work-
station (Advantage Workstation 4.6; GE Healthcare) for analyses
and were reviewed using the GSI viewer. A single radiologist
(PJ.L. with 7 years of clinical experience) independently and
blindly measured the image noise, IC (in units of 100 pg/mL),
and Hounsfield units (HU) of attenuation of the liver,
abdominal aorta, portal vein, and paraspinal muscle, as de-
scribed in previous reports [2, 23, 24] (Fig. 2a and b). The
contrast-to-noise ratio (CNR) was calculated for the organ of
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interest (liver, aorta, or portal vein) as follows: CNRo = (CTo —
CTm) SDn, where CTo is the mean CT number of the organ of
interest, CTm is the mean CT number of the paraspinal muscle,
and SDn is the mean image noise. The change in CT number or
IC (AValue) between 300 and 400 mg I’kg for all images in
organs of interest (liver, aorta, and portal vein) was calculated
as follows: AValue = (Valueygy - Valuesgg) Valueygy % 100%,
where Value is the CT number or IC of the organ of interest.

Qualitative analysis

Two abdominal radiologists (Z.G.Z. [observer 1] and J.B.G.
[observer 2] with over 30 years of clinical experience) and one
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Fig. 1 Flowchart showing the patient selection and study design. Nine patients exhibited technical failure due to residual intestinal barium (z = 6) and

three-way tube fall-off (n = 3). DE, dual-energy

radiologist (Y.R.C. [observer 3]) independently analyzed a
total of 960 (3 x 120 x 2 + 120 x 2) liver CT images at the
level of the hepatic portal vein, including all low-kVp CT
images and VMISs in the range of 40-60 keV, using the same
workstation. All images were examined using a preset win-
dow setting (width, 400 HU; level, 40 HU), without including
patient demographics or CT parameters, and were randomized
to each reader for blind evaluation. Readers were allowed to
modify the window width and level at their own discretion.
Image noise and overall image quality were assessed using 5-
point subjective scales on both AP and PVP images (1, unac-
ceptable, severe image noise and artefacts; 2, minimally accept-
able, obvious image noise and artefacts, decreased anatomical
structure and confidence in details; 3, acceptable image noise
and artefacts, decreased confidence in details but relatively clear
anatomical structure; 4, less than average image noise and arte-
facts, less clear anatomical structure and details; and 5, minimal
image noise and artefacts, sharp anatomical structure and satis-
factory details) [25], while the visibility of small vascular struc-
tures was evaluated on AP images based on a 5-point scale [13]
(1, unacceptable; 2, suboptimal; 3, acceptable; 4, above average;
and 5, excellent). Additionally, abdominal organ enhancement

was assessed on PVP images with a three-point scoring scheme
(1, unacceptable; 2, acceptable; and 3, excellent) [26].

Lesion analysis
Reference standard

Sixty-five of the total 240 patients with 74 proven
hypervascular hepatocellular carcinoma (HCC) nodules (n =
15, 18, 22, and 19 in protocols A, B, C, and D, respectively)
were included for lesion analysis. Thirty-four HCCs in 31
patients were confirmed pathologically after percutaneous bi-
opsy or surgery. The diagnosis of the remaining 40 HCCs in
34 patients was established by typical imaging findings and
high levels of serum «-fetoprotein (> 11 ng/mL) (16 HCCs in
12 patients) or by follow-up CT examinations for lipiodized
oil after transcatheter arterial chemoembolization (24 HCCs in
22 patients) performed more than 4 weeks after the procedure.
Typical findings of HCC included contrast uptake in the AP
and washout in the PVP [24]. In cases with more than three
tumors, only the three largest tumors were included.

Fig.2 Axial contrast-enhanced abdominal CT images at 80 kVp obtained
in a 56-year-old man during the arterial phase (a) and portal venous phase
(b), with ROIs drawn on the liver (black), aorta (red), portal vein (blue),
paraspinal muscle (yellow), and subcutaneous fat of the anterior

abdominal wall (green). An arterial-phase CT image at 80 kVp (c) in a
48-year-old woman shows placement of a region of high-enhancing area
on the tumor (black) and adjacent non-tumorous liver parenchyma
(white)
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Tumor analysis

The tumor-to-normal parenchyma ratio (TNR) for attenuation
and IC was calculated as the attenuation ratio between the
high-enhancing portion of the tumor and adjacent non-
tumorous liver parenchyma [6] (Fig. 2c). Tumor ICs were
measured on the iodine-based MD images. The lesion num-
bers were recorded, and lesion conspicuity was assessed on
AP images based on a 5-point scale (1, definitely an artefact
mimicking a lesion; 2, likely an artefact mimicking a lesion; 3,
subtle lesion; 4, fairly distinct with poorly visualized margins;
5, definitely distinct with visualized margins) [1].

Radiation dose

Considering the radiation dose for the PVP scan was acquired
using the same scanning parameters, including scan length, as
those used for the AP scan during a single breath-hold, the
volume computed tomography dose index (CTDIvol, mGy)
and dose-length product (DLP, mGy cm) values were only
recorded on AP images. The estimated effective radiation dose
(mSv) was obtained by multiplying the DLP with a conver-
sion factor of 0.015 for abdominal examination [27].

Statistical analyses

All statistical analyses were performed using SAS (version
9.1.3; SAS Institute), with p <0.05 indicating a statistically
significant difference. An independent samples # test was used
to compare the CT attenuation, CNR, image noise, AValue,
tumor-to-liver ratio, and radiation dose between the matched
protocols (A and B or C and D) and to compare the CT num-
ber or IC between protocols with same scanning methods (A
and C or B and D). Percentage changes in CT number from 40
to 60 keV and IC for the organs of interest using the same
protocol (B or D) were evaluated using one-way ANOVA,
with Bonferroni’s multiple comparison post hoc test for fur-
ther comparisons in cases of statistical significance. The
Mann-Whitney U test was used to analyse differences in cat-
egorical variables and qualitative parameters between the
matched protocols. Inter-reader agreement for qualitative pa-
rameters was evaluated using kappa analysis with « statistics.

Results
Quantitative analysis
VMIs from 40 to 70 keV for the organs of interest, with CT

numbers equal to those of 80-kVp and 100-kVp images, were
in the range of 54-56 keV (mean 55 keV, p values ranging
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from < 0.083 t0 0.098) and 61-63 keV (mean 62 keV, p values
ranging from < 0.088 to 0.096), respectively, except for the
liver in the AP (both p values < 0.001) (Fig. 3). No significant
differences were observed in the CNR between low-kVp im-
ages and VMIs at the matched energy level, despite the higher
image noise (17.1+6.9 HU) in VMIs at 55 keV than in
80-kVp images (p <0.001).

Compared to protocol A, the mean CT numbers of VMIs in
protocol B, from 40 to 60 keV, for the liver, abdominal aorta,
and portal vein were significantly higher at the energy levels
of 40 keV and 50 keV (all p values <0.05), except for the
lower value in the liver in the AP (p <0.001 for each compar-
ison), and were lower at 60 keV (p <0.001 for each compar-
ison). Compared to protocol C, the mean CT numbers of
VMIs in protocol D, from 40 to 60 keV, for the organs of
interest were significantly higher for the energy levels of
40 keV and 50 keV (all p values < 0.05), except for the liver
at 40 keV (p=0.787) and 50 keV (p=0.023) in the AP, and
they were similar or higher at 60 keV, except for the lower
liver in the AP (p <0.001) (Table 2).

The mean image noise for protocol A (or C) was signifi-
cantly lower than that for the corresponding protocol B (or D)
at 40 keVand 50 keV (p < 0.05 for each comparison) and was
similar to that at 60 keV. Compared to the corresponding pro-
tocol A (or C), the CNR values for the liver in the range of 40—
60 keV for VMIs in protocol B (or D) were all lower during
the AP (all p values < 0.05) but were similar or higher during
the PVP. The CNR values for the abdominal aorta and portal
vein in the range of 40—60 keV for VMISs in protocol B (or D)
were similar to or higher than those in the corresponding pro-
tocol A (or C) (A vs. B, portal vein at 40 keV, p < 0.001; C vs.
D, portal vein at 40 keV and 50 keV, p <0.001 and 0.012,
respectively).

The liver, abdominal aorta, and portal vein showed no sig-
nificant differences between protocols A and C for the mean
CT numbers, except for the liver during the AP (p=0.001).
The mean CT numbers for VMIs in the range of 40-60 keV
and the ICs of the organs in protocol D were all significantly
higher than those in protocol B, except for the liver in the AP
at 50-keV (»p =0.073) and 60-keV VMIs (p =0.189) (Fig. 4).
The AValues for the organs of interest in VMIs from 40 to
60 keV and the iodine-based images were all higher than those
in the low-kVp images (all p values < 0.05), with no signifi-
cant differences between VMIs and iodine-based images for
all organs, except for the liver during the AP.

Qualitative analysis

The subjective image quality scores of all protocols were
greater than 2, which indicated an acceptable overall image
quality. Compared to low-kVp images in protocols A and C,
40-keV VMIs in the corresponding protocols B and D showed
greater small vascular structure visibility (p <0.001) and
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Fig. 3 Mean CT values for the liver, aorta, and portal vein on 80-kVp CT
images (protocol A), 100-kVp CT images (protocol C), and monochro-
matic images (40 to 70 keV) in protocols B and D. The mean energy
levels of the DECT protocol with CT numbers equal to those of the 80-

abdominal organ enhancement scores (p <0.05) and lower
image noise scores (p < 0.05) but similar overall image quality
in protocol B and lower overall image quality in protocol D.
The analyses of the subjective readers’ rankings for protocols
B and D were similar or significantly higher for 50-keV and
60-keV VMIs with regard to small vascular structure visibil-
ity, image noise, abdominal organ enhancement, and overall
image quality compared to the corresponding protocols A and
C, except for the reduced small vascular structure visibility in
60-keV VMIs in protocol B (Table 3, Fig. 5).

Lesion analysis

Compared to protocol A (or C), the TNR and lesion conspi-
cuity in the corresponding protocol B (or D) were significantly
higher in 40-keV VMIs and in iodine-based MD images
(p<0.05 for each comparison) but were similar for 50-keV
VMIs, except for the higher TNR at 50 keV in protocol D.
VMIs at 60 keV in protocol B (or D) showed similar TNR but
lower lesion conspicuity compared to those in the correspond-
ing protocol A (or C). No significant differences were found in
lesion detection rates in either matched protocol (Table 4).

Radiation dose

The CTDIvol, DLP, and effective radiation dose (10.60 +
3.71 mGy, 262.66 +74.55 mGy cm, 3.93 +£0.06 mSv) were
higher in protocol B (increased by 10%) than in protocol A
(8.14+0.31 mGy, 237.47+30.53 mGy cm, 3.56 +0.05 mSv)
in the AP (p=0.001, 0.042, and 0.042, respectively).
Approximately the same distribution of CTDIvol in protocols
C and D resulted in a similar radiation dose in the AP
(CTDIvol, 14.39+1.43 vs. 13.40£3.55 mGy, p =0.062; DLP,
444.06 + 85.40 vs. 444.13 £99.23 mGy cm, p = 0.998; effective
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kVp and 100-kVp protocols were approximately 55 keV in protocol B (a)
and 62 keV in protocol D (b), respectively, except for the liver during the
AP

radiation dose, 6.65=+0.10 vs. 6.66+0.10 mSv, p =0.998)
(Table 5). Our CTDIvols were lower than the national diagnostic
reference level (25 mGy) and were similar to or lower than the
values used in some European countries (14-18 mGy) [28-31].

Discussion

Our study demonstrated that CT numbers for the liver, aorta,
and portal vein during the AP and PVP in VMIs at approxi-
mately 55 keV and 62 keV were similar to those on 80-kVp and
100-kVp CT images respectively, except for the liver in AP,
with a given noise index. Our results are in contrast with the
findings reported by Agrawal MD et al [32], who showed that
approximately 60—-77-keV VMIs had applications similar to
those of low (80—100 kVp) DE images. However, the results
of the latter study were not obtained from human studies and
were also partially contradicted by the results of Matsumoto
et al [33], who showed that CT numbers in VMIs at approxi-
mately 70 keV were equal to those of 120-kVp CT images and
increased as the X-ray energy level decreased in vitro.

The relationship between VMIs and low-kVp CT images
might explain why the image noise of VMIs at 40 keV and
50 keV in our study was higher than that of low-kVp CT
images with the same ASIR percentage, which can compen-
sate for the increased image noise at all low energy levels [8,
13, 22]. The high image noise of VMIs might be partially
compensated for by an increase in the CT numbers, favoring
similar or higher CNR at all low energy levels compared to
low-kVp CT images, particularly at 50 keV and 60 keV, which
manifested similar or higher overall image quality in our
study. However, the nearly doubling in noise at 40-keV im-
ages compared to low-kVp images can offset the advantages
of higher CT contrast, resulting in an overall lower image
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Fig. 4 Comparison of CT numbers in low-kVp CT images (a), VMIs
with energy levels ranging from 40 to 60 keV (b, ¢, d), and iodine con-
centrations in iodine (water)-based material decomposition images (ID)
(e) between images with 300 mg I/kg and those with 400 mg I/kg
(*p <0.05; **p < 0.001). The percentage increases in the values of organs

quality appearance at low-keV images. These single-photon
energy images, depicting objects with a theoretical

were higher in VMIs and iodine-based images than in low-kVp CT im-
ages. Protocols A, B, C, and D used 80-kVp images, DECT images
matched with 80-kVp images, 100-kVp images, and DECT images
matched with 100 kVp, respectively. VMIs, virtual monochromatic
images

monochromatic beam, can reduce beam-hardening artefacts
and have higher attenuation than polychromatic CT images

Table 3  Qualitative analysis results in low-kVp protocols (protocols A and C) and spectral imaging protocols (protocols B and D)
Parameter Protocol  Protocol B K Protocol  Protocol D K P
A value value C value  value
40 keV 50 keV 60 keV 40 keV 50 keV 60 keV
AP
Small 39£03 45+£0.01%F 42+01 34£02*% 0732 <0.001 3.7+0.1 47+01* 43=+0.1* 3.6+02 0722 <0.001
structures
Image noise 28+0.6 26+03% 3.0+£03 34+£04% 0698 <0.001 32+03 28+02% 32+£02 35+03% 0.723 <0.001
Overall quality 2.8 +0.2 26=+04 3.1 +04% 34+03% 0623 <0001 33+02 28+04% 32£02 35+04% 0593 <0.001
PVP
Organ 24+£03 28+0.0* 26+01% 23+02 0728 <0.001 24+02 29+01% 27+£02* 25+02 0707 <0.001
enhancement
Image noise 28+02 26+04* 3.0+£03 34+02% 0.621 <0.001 33+02 28+02% 31+04 34+02 0.663 <0.001
Overall quality 2.7+04 27+02 33+03% 34+03% 0669 <0001 32+03 28=+0.1% 33+04 35+03* 0.662 <0.001

Data are shown as the means + standard deviation. A 3-point ordinal scale for organ enhancement and a 5-point scale for small structures, image noise, and
overall quality were used; image quality increased as the grade increased (see the “Qualitative analysis” section). The p < 0.05 indicates a statistically
significant difference between protocol A and each energy level (keV) of protocol B or protocol C and each energy level (keV) of protocol D. No cases were

rated as unacceptable. x value: the coefficient of inter-reader agreement
*p <0.05; **p <0.001
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AP

PVP

60 keV

Fig. 5 Transverse contrast-enhanced low-kVp CT images (80 kVp,
300 mg I/kg, 46-year-old woman with a BMI of 20.28 kg/m?; 100 kVp,
400 mg I/kg, 50-year-old man with a BMI of 24.44 kg/m?) and corre-
sponding DECT protocols with VMIs from 40 to 60 keV in a 28-year-old
woman with a BMI of 21.28 kg/m? (a) and a 61-ycar-old woman with a
BMI of 24.24 kg/mz, respectively (b). The window setting was the same

[16, 34]. However, the CT number and CNR of VMIs in the
liver during the AP, with low iodine intake, were lower than
those in 80-kVp CT images in our study, which is similar to
the results of Yu L et al [16]. In contrast to Yu L et al, who
reported a lower iodine CNR in VMIs than in 80-kVp CT
images, we observed a higher CNR in VMIs in organs with
high iodine intake. This discrepancy may partially be ex-
plained by the fact that the results of Yu L et al were obtained
with the same radiation dose used in the phantom, while our

@ Springer

for all images, with a window width of 400 HU and window level of
40 HU. The overall image qualities for the images at 80 kVp were similar
to those at 40 keV and lower than those at 50 keV and 60 keV. The overall
image qualities for the images at 100 kVp were higher than those at
40 keV, similar to those at 50 keV, and lower than those at 60 keV.
VMIs, virtual monochromatic images

study was performed with the same noise index used in
humans.

Of note, lower energy yields higher contrast by increasing
the X-ray absorption of iodine. Compared to low-kVp images,
40- and 50-keV VMIs as well as iodine-based MD images
may more closely approximate the k edge of iodine [32], lead-
ing to potentially greater confidence for the successful detec-
tion of lesions with similar or higher lesion conspicuity in our
study, although this was not statistically significant for the
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Table 4 Tumor-to-liver contrast ratio, lesion conspicuity, and detection rates of hepatocellular carcinomas in each protocol

Parameter Protocol A Protocol B (n=18) Protocol C Protocol D (n=19)
(n=15) (n=22)
40 keV 50 keV 60 keV 1D 40 keV 50 keV 60 keV 1D

TNR' 1.55+£0.13  2.01+0.17 1.62+0.13 1.40+0.09 2.03+0.21 1.54+0.18 2.26+0.18 1.90+0.22 1.65+0.16 2.19+0.25
p value - 0.002 0.724 0.093 0.003 - <0.001 0.005 0.181 <.001
Lesion 338+0.38  3.67+0.12 3.35+0.16 3.05+0.16 3.67+0.23 3.38+0.08 3.75+0.05 3.43+0.10 3.12+0.18 3.72+0.31

conspicuity”
p value - 0.006 0.511 0.005 0.006 - 0.005 0.699 0.007 0.004
Detection 100 (15/15) 100 94 (17/18) 83 (15/18) 100 100 (22/22) 100 100 89 (17/19) 100

rate’" (18/18) (18/18) (19/19)  (19/19) (19/19)
p value - 1 1 1 1 - 1 1 1 1

Numbers of lesions used to calculate the percentages are in brackets. The p < 0.05 indicates a statistically significant difference between protocol A and
each energy level (keV) of protocol B or protocol C and each energy level (keV) of protocol D

TNR tumor-to-normal parenchyma ratio, /D iodine (water)-based material decomposition images

" Data are shown as the means + standard deviation

" Data are percentages

tumor detection rate. Moreover, since the attenuation of low-
kVp CT is sometimes affected by beam hardening and scan-
ning parameters, the IC in MD image can be used as a more
reliable measurement of tissue enhancement. The IC can di-
rectly quantify the iodinated contrast agent uptake and may
serve as an independent surrogate marker of inherent tissue
attenuation [32].

ASIS is designed to automatically generate the optimal
spectral imaging presets to help achieve an accurate conven-
tional scan mode CTDIvol value at the same noise index [13].
In our study, the radiation doses of the DECT and 100-kVp
protocols were similar, which was consistent with the findings
of a study by Wichmann JL et al [25]that compared the third-
generation dual-source DECT and SECT with 100-kVp CT
and verified the principle of the ASIS technique. A slight
but significant increase (10%) in radiation dose was observed
with DECT compared with that of 80-kVp CT, perhaps due to
the higher effective voltage level (approximately 96 kVp)
caused by the photon starvation of 80-kVp images, the failure
of voltage-specific tube current modulation in DECT [35] and
a milliampere increase in DECT without tube current modu-
lation. Moreover, patients in the low-kVp and DECT groups
were both susceptible to the low-kVp limitations of the scan-
ner and patient, such as patient size, focal spot blurring, and

tube current limitations. DECT with ASIS could not deliver
the required low tube current, as observed with 80-kVp CT,
due to the limited CTDIvol range available in the ASIS sys-
tem, resulting in better image quality as well as a higher radi-
ation dose.

Our study had several limitations. First, this study reflected
our preliminary experience with a relatively small selected
patient cohort. Second, the comparison of SECT and DECT
was conducted in groups of patients with similar BMIs but not
in the same patient cohort due to radiation concerns, which
may have influenced the results of the study. Third, the CT
protocol in this study was not dedicated to a specific clinical
task but rather was focused on the general abdominal area.
Fourth, the study was limited to extrapolation due to vendor-
specific techniques with 50% ASIR. Lastly, iodine-suppressed
virtual unenhanced images reconstructed with 70-keV VMIs
were not investigated in our study, and this technique has
shown the potential to replace true nonenhanced images and
further reduce the radiation dose in DECT [36]. These results
only apply to the scanner and implementation tested, but the
findings might be useful as a reference when performing sim-
ilar experiments in other types of scanners.

In conclusion, VMIs with an energy level at 50 keV in
abdominal DECT provided overall image quality and lesion

Table 5 CTDIvol in low-kVp protocols (protocols A and C) and DECT protocols (protocols B and D) with the ASIS technique

CT parameter Protocol A Protocol B Protocol C Protocol D

GSI preset - 49 37 45 23 28 11 - 49 23 28 11
Number n=:60 n=7 n=4 n=14 n=29 n=35 n=1 n=:60 n= n=10 n=18 n=31
CTDIvol (mGy)  7.07-8.47 6.94 7.86 8.07 11.32 17.89  19.11 10.96-18.97  6.94 11.32 17.89 19.11

GSI Gemstone Spectral Imaging, ASIS automatic spectral imaging selection

@ Springer
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detectability that was similar to or higher than those of low-
kVp images. The radiation dose in DECT with ASIS was
slightly higher than that of 80-kVp CT, as it was increased
by 10%, but it was similar to that of 100-kVp CT. Therefore,
for patients with a BMI <23.9 kg/m* who have no desire to
obtain material-specific information from DECT, an 80-kVp
CT scan may be a better choice than a DECT scan.
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