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Background: The effectiveness of coronary computed tomography (CT) angiography in assessing 
stent restenosis is hindered by heavy metal artifacts. This study aimed to evaluate the image quality of 
monoenergetic reconstructions and iodine density map for coronary stent imaging using an 8-cm dual-layer 
detector spectral CT.
Methods: In this study, 8 stents with a diameter <3 mm (group A) and 10 with a diameter ≥3 mm (group B) 
were placed in plastic tubes filled with iodinated contrast media and scanned. The internal diameter of the 
prepared stents was then measured by intravascular ultrasound. The reconstructed images included iodine 
density maps, conventional images, and different energy levels. The visualization of the stent lumen and 
stent structure was subjectively assessed using a 4-point Likert scale. The objective evaluation was performed 
using the in-stent lumen signal-to-noise ratio (SNRis), non-stent lumen SNR (SNRns), internal diameter 
difference (IDD), and blooming artifact index (BAI). The Friedman test and analysis of variance were used 
for multiple comparisons. 
Results: For lumen visualization, the optimal monoenergetic images received the highest score for both 
group A (2.56±0.51) and group B (3.1±0.55). Multiple comparisons showed that there were significant 
differences between the optimal monoenergetic images and iodine density maps. However, for stent 
structure, iodine density maps received the highest score for group A (3.0±0.52) and group B (3.8±0.41). For 
quantitative assessment, the optimal monoenergetic images had the highest SNRis and SNRns, while the 
iodine density maps had the lowest SNRis and SNRns. For IDD and BAI, the iodine density maps yielded 
the smallest value. 
Conclusions: The monoenergetic images on the second-generation dual-layer detector CT provide better 
visualization of the lumen and higher SNR. However, iodine density maps are superior for evaluating stent 
structure and IDD and BAI compared to monoenergetic and conventional reconstructions.
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Introduction

Coronary artery disease remains a leading cause of 
noncancer-related death. One of the commonly used 
therapeutic procedures for treating acute coronary 
syndromes is coronary stenting (1,2). Despite the 
significant progress in stent manufacturing, including 
thinner structures and longer drug-eluting periods, in-
stent restenosis still occurs in about 5% of stenting cases 
(3,4). However, the effectiveness of coronary computed 
tomography (CT) angiography (CCTA) in assessing 
postprocedural in-stent restenosis is limited due to heavy 
metal artifacts (5,6). It has been reported that 13% of the 
stents in conventional CCTA images are unassessable (6), 
and the rate of false positives or inconclusive findings is 
25% among the assessable stents (7).

Several reports have discussed the use of dual-energy 
technology to reduce metal artifacts and improve the 
visualization of the in-stent lumen in CCTA (8-10). This 
technique involves separating the X-ray into high- and low-
energy portions during the dual-energy CT scan. This 
allows for the reconstruction of virtual monoenergetic 
and other functional images, such as iodine density maps 
(11). The higher-energy X-ray results in fewer metal 
artifacts in high-energy monoenergetic images and better 
visualization of the lumen in stented coronary arteries. The 
iodine density maps provide information on the equivalent 
iodine concentration of each pixel (12). Previous studies 
have shown that the iodine density maps enhance lesion 
visualization compared to conventional CT images (13,14). 
However, its contribution to the assessment of in-stent 
restenosis has not been investigated.

In contrast to tube-based dual-energy scanning, which 
uses different emitted energy spectra, the detector-based 
solution uses a single X-ray source and a special dual-
layer structure to separate the low-energy and high-energy 
parts of the X-rays. The upper layer measures the low-
energy portion of the emitted spectrum, while the lower 
layer detects and measures the high-energy photons (15). 
This approach allows for dual-energy postprocessing in 
the raw data space, reducing metal artifacts and improving 
image quality. By combining the high- and low-energy 
data, conventional images equivalent to those from a single-

energy scanner can be reconstructed. From the basic pair 
raw data, the photoelectric and Compton scatter basis 
images can be generated, from which additional material 
composition images and virtual monoenergetic images can 
be reconstructed (16). In 2021, a second-generation dual-
layer detector CT with a wider (8 cm) detector became 
commercially available. This enhancement in temporal 
resolution makes it more suitable for CCTA and improves 
the visualization of the in-stent lumen and stent structure. 

The objective of this study was to compare the additional 
value of monoenergetic images and iodine density maps in 
visualizing the in-stent lumen and the stent structure on 
the 8-cm dual-layer detector spectral CT with conventional 
reconstructions. 

Methods

Experimental setup

As described in previous studies (17), plastic tubes with 
internal diameters ranging from 2.5 to 4.5 mm were used 
to simulate coronary arteries. A total of 18 stents, made of 
different materials and structures, were employed in this 
experiment. A cutoff value of 3 mm is recommended in the 
2010 multisocietal appropriate use criteria to predict the 
certainty of the outcome of coronary stenting (18). Therefore, 
we divided the stents into two groups: 8 stents had diameters 
less than 3 mm (group A) and 10 had diameters equal to or 
greater than 3 mm (group B) (Table 1). These stents were 
carefully placed into the polyvinyl chloride plastic tubes 
through balloon dilatation by a cardiac interventionalist. 
To prevent any movement during the experiment, all 
stents were positioned as close to the tube wall as possible. 
Iodinated contrast media (350 mg/L; iohexol; Omnipaque, 
GE HealthCare, Chicago, IL, USA) and saline were mixed 
to achieve an iodine concentration of 11 mg/L (dilution 
ratio of 1:30.8) and injected into the plastic tubes. Any air 
bubbles adhering to the tube wall and stents were removed 
by flicking. Intravascular ultrasound (IVUS) was used to 
accurately measure the internal diameter of the prepared 
stents. The ends of the plastic tubes were securely tied to 
prevent any leakage of the contrast media. These prepared 
tubes were then arranged in two layers on a customized tray 
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with approximately 1 cm between the stents and placed in 
a square acrylic container, parallel to the Z-axis of the CT 
scanner (Figure 1). Finally, the container was filled with 
homogenized vegetable oil (Yihai Kerry Aravana Holdings 
Co., Shanghai, China) to mimic epicardial adipose tissue 
and positioned at the isocenter of the gantry. Figure 1 
provides an illustration of the setup used for the experiment.

CT data acquisition

CT data were acquired using a second-generation dual-
layer detector spectral CT scanner (CT 7500, Philips 
Healthcare, Amsterdam, The Netherlands) with a simulated 
electrocardiogram (ECG) signal at a heart rate of 60 beats 
per minute for prospective ECG-triggered acquisition. The 
scanning parameters, which were similar to those of routine 
clinical scans with specific optimization in dose modulation, 
were as follows: tube voltage, 120 kVp; tube current,  
125 mAs; slice collimation, 128×0.625 mm, and rotation time, 
0.27 seconds. The exposure was set at the window of 75% R-R 

interval of the ECG. The reconstruction parameters were set 
as follows: field of view, 250 mm × 250 mm; matrix, 512×512; 
slice thickness, 0.67 mm; increment, 0.35 mm; and statistical 
iterative reconstruction, iDose4 at level 3. High-resolution 
convolution kernel (CD) was used, as it provides better stent 
visualization (19). The reconstructed images included iodine 
density maps, conventional images, and monoenergetic 
images at 17 different energy levels ranging from 40 to  
200 keV in increments of 10 keV.

CT data analysis

All reconstructed images were transferred to the scanner’s 
standard workstation (IntelliSpace Portal version 12.1, 
Philips Healthcare). Prior to subjective and quantitative 
assessments, multiplanar reformats displaying the 
longitudinal stent lumen were reconstructed. According to 
previous studies, a higher window center level reduces streak-
like artifacts in the images, and the window width is usually 
set to about 2.5 times that of the window center (20). Thus, 

Table 1 Characteristics of the examined stents

Stent 
number

Nominal external 
diameter (mm)

Internal diameter 
(mm)

Length 
(mm)

Struct 
thickness (mm)

Company Material Coating

1 2.25 2.01 8 0.081 Boston Scientific Platinum-chromium alloy Everolimus

2 4 3.59 38 0.081 Boston Scientific Platinum-chromium alloy Everolimus

3 2.25 1.73 38 0.074 Boston Scientific Platinum-chromium alloy Everolimus

4 3.5 2.43 38 0.081 Boston Scientific Platinum-chromium alloy Everolimus

5 2.5 2.21 38 0.081 Boston Scientific Platinum-chromium alloy Everolimus

6 3 2.78 8 0.074 Boston Scientific Platinum-chromium alloy Everolimus

7 2.5 2.24 29 0.084 Jiwei Medical Cobalt-chromium alloy Rapamycin

8 2.25 2.00 14 0.084 Jiwei Medical Cobalt-chromium alloy Rapamycin

9 4 3.89 29 0.084 Jiwei Medical Cobalt-chromium alloy Rapamycin

10 3 2.93 14 0.084 Jiwei Medical Cobalt-chromium alloy Rapamycin

11 2.5 2.26 13 0.086 Mircoport Cobalt-chromium alloy Rapamycin

12 4 3.74 13 0.086 Mircoport Cobalt-chromium alloy Rapamycin

13 2.25 2.10 13 0.086 Mircoport Cobalt-chromium alloy Rapamycin

14 3.5 2.97 13 0.086 Mircoport Cobalt-chromium alloy Rapamycin

15 3 2.79 13 0.086 Mircoport Cobalt-chromium alloy Rapamycin

16 2.75 2.23 13 0.086 Mircoport Cobalt-chromium alloy Rapamycin

17 3.5 3.42 29 0.084 Mircoport Cobalt-chromium alloy Rapamycin

18 3 2.79 24 0.084 Mircoport Cobalt-chromium alloy Rapamycin
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a fixed window width of 4,000 Hounsfield units (HU) and a 
window center of 1,500 (HU) were used during assessments.

For subjective evaluation, a double-blind assessment 
of the lumen and structure of the stents was conducted by 
two cardiothoracic radiologists with more than 8 years of 
experience using a Likert 4-point scale. The scoring scheme 
for the image quality of the stent lumen was as follows:  
4 points for excellent quality with few or no artifacts in the 
stent lumen, 3 points for good quality with some artifacts 
present but not affecting diagnostic confidence, 2 points 
for moderate quality with artifacts that to some extent 
deteriorate diagnostic confidence, and 1 point for poor 
quality with a poor display of the stent lumen. Meanwhile, 
the scoring scheme for stent structure was as follows: 4 points 
for excellent stent structure display with clear definition,  
3 points for good quality with slightly blurred scaffold 
borders that do not obscure the display of structure, 2 points 
for moderate quality with blooming artifacts that affect the 
display of stent structure and reduce diagnostic confidence, 
and 1 point for poor quality with significant blooming 
artifacts that completely obscure the stent structure.

The quantitative evaluation consisted of geometric 
parameters and signal-to-noise ratio (SNR). To obtain the 
average visible internal and external diameter of each stent, 
three straight-line regions of interest (ROIs) were drawn 
at the proximal, middle, and distal points, as illustrated in 
Figure 2. The geometric parameters, including blooming 
artifact index (BAI) and internal diameter difference (IDD), 
were subsequently calculated according to the following 
formula: 

BAI = (EDCT − IDCT)/EDCT × 100%, where the EDCT 
and IDCT are the external diameter and internal diameter 

measured on CT imaging, respectively.
IDD = (IDIVUS − IDCT)/IDIVUS × 100%, where IDIVUS is 

the internal diameter measured on IVUS, and IDCT is the 
internal diameter measured on CT imaging.

In addition to the geometric parameters mentioned 
above, the SNR was also analyzed by the following steps: 
three elliptical ROIs were placed at the proximal, middle, 
and distal points of the stent lumen, with care taken to 
avoid stent structures and blooming artifacts and maximize 
the ROI size. Two elliptical ROIs copied from the previous 
step were then placed outside both ends of the stent, as 
illustrated in Figure 2B. Finally, the average attenuation and 
standard deviation (SD) (representing noise) were generated 
for the in-stent and non-stent ROIs, respectively. The SNR 
of the in-stent and non-stent lumen was calculated using 
the following formula:

SNRis or SNRns = average attenuation/standard deviation, 
where SNRis and SNRns are the SNR of the in-stent and 
non-stent lumen, respectively.

IVUS data acquisition and evaluation

All IVUS imaging were performed using a 40-MHz IVUS 
catheter (OptiCross, Boston Scientific Corporation, Natick, 
MA, USA). The IVUS catheter was placed distal to the stents 
and then pulled back with a motorized pullback system at 
0.5 cm/s. During pullback, grayscale IVUS was recorded. 
IVUS measured the internal diameter of the distal and 
proximal end of the stent, as well as the middle of the stent, 
which was consistent with the CT diameter measurement 
(Figure 3). IVUS images were analyzed by an experienced 
interventional cardiologist.

A B C

Figure 1 Photographs of the phantom setup. (A,B) The vertical and front views of the prepared tubes arranged in two layers on a customized 
tray. (C) A container filled with homogenized vegetable oil to mimic epicardial adipose tissue.
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Figure 2 ROIs for the quantitative evaluations. (A) A representation of the internal and external diameter measurements of the stent (number 12).  
(B) ROIs were placed for the measurement of mean attenuation and standard deviation of the in-stent and non-stent lumens. ROI, region of 
interest; Av, average; HU, Hounsfield unit; SD, standard deviation.

A B

A B C

Figure 3 IVUS measurements of the inner diameter of the stent (number 12). IVUS, intravascular ultrasound. 

Statistical analysis

GraphPad Prism 9.0 software (GraphPad Software, Inc., La 
Jolla, CA, USA) was used for statistical analysis. Enumerated 
data are expressed as frequencies. The Kolmogorov-
Smirnov test was used to determine the normal distribution 

of continuous data. Normally distributed data are expressed 
as the mean ± SD, and nonnormally distributed data are 
expressed as the median and upper and lower quartiles. 
Linear weighted Kappa coefficient was used to assess the 
interrater agreement of subjective evaluations conducted 
by two radiologists. Paired ordinal scores of the optimal 
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monoenergetic images, conventional images, and iodine 
density maps were compared using the Friedman test and 
Dunn test. Additionally, quantitative parameters, including 
BAI, IDD, and SNR, were evaluated through repeated-
measures analysis of variance (ANOVA) and the Tukey test.

Results

Subjective evaluation

The kappa values for stent lumen and structure were 0.83 
(Z=21.3) and 0.89 (Z=22.6), respectively, indicating strong 
agreement between the two evaluating radiologists. The 
visualization quality of stent lumen and structure varied 
depending on the reconstruction types and energy level 
of monoenergetic imaging, as illustrated in Figure 4. The 
optimal energy level for monoenergetic imaging was 
determined to be 130 keV for group A and 90 keV for 
group B in terms of stent lumen. For both stent groups, the 
optimal monoenergetic images received the highest score. 
In group A, there were statistically significant differences in 
the stent lumen score between the optimal monoenergetic 
images (mean score of 2.56±0.51) and iodine density maps 

(mean score of 1.37±0.5), as depicted in Figure 5A. In group 
B, the stent lumen score of iodine density maps (mean score 
of 2.0±0.65) was significantly lower than that of optimal 
monoenergetic images (mean score of 3.1±0.55) and 
conventional images (mean score of 2.95±0.69), as shown 
in Figure 5B. Regarding stent structure, the optimal energy 
level for monoenergetic imaging was found to be 160 keV 
for group A and 90 keV for group B. For both stent groups, 
the iodine density maps received the highest score. For 
group A, the multiple comparisons revealed that the score 
of the conventional images (mean score of 1.88±1.03) was 
significantly lower than that of the optimal monoenergetic 
images (mean score of 2.75±1.0) and iodine density maps 
(mean score of 3.0±0.52), as shown in Figure 5C. For group 
B, the score of the conventional images (mean score of 
3.0±0.73) was also significantly lower than that of iodine 
density maps (mean score of 3.8±0.41).

Quantitative evaluation

The results of the quantitative assessment are presented in 
Table 2. As the energy level of the monoenergetic images 
increased from 40 to 200 keV, the SNRis for group A and 

40 keV 50 keV 60 keV 70 keV 80 keV 90 keV 100 keV 110 keV 120 keV 130 keV 140 keV 150 keV 160 keV 170 keV 180 keV 190 keV 200 keV CON IDM

Figure 4 Monoenergetic images at 40–200 keV (a 10 keV interval), conventional images, and iodine density maps of a stent in group A 
(number 11, row 1–2) and group B (number 12, row 3–4). Group A was the group with stents <3 mm in diameter, and group B was the group 
with stents ≥3 mm in diameter. Row 1 and row 3 show the stent lumen, while row 2 and row 4 show the stent structure. CON, conventional 
images; IDM, iodine density maps.
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group B decreased steadily from 41.26±30.63 and 21.5±8.83 
to 14.53±10.7 and 7.31±5.2, respectively. The SNRns 
exhibited a similar tendency, decreasing from 77.5±32.76 
and 57±14.4 to 8.55±2.94 and 5.51±1.65, for group A and 
group B, respectively. For group A, multiple comparisons 
showed that there was no significant difference in the SNRis 
among the optimal monoenergetic (40 keV), conventional 
images, or iodine density maps. For group B, the SNRis 
for the optimal monoenergetic (40 keV) was significantly 
greater than that of iodine density maps. For both stent 
groups, the SNRns of the optimal monoenergetic (40 keV) 
was also significantly higher than that of the conventional 
images and iodine density maps. The mean SNRis and 
SNRns of each image set for both stent groups are shown in 
Figure 6A and Figure 6B, respectively. 

In terms of IDD, the optimal energy level was 110 keV 
for group A and 150 keV for group B. For both stent 
groups, the iodine density maps provided the lowest IDD 
value. For group A, multiple comparison showed significant 
differences between the optimal monoenergetic images and 

conventional images. For group B, no significant difference 
was observed between the optimal monoenergetic images, 
conventional images, and iodine density maps. As for BAI, the 
optimal energy level was 110 keV for group A and 130 keV  
for group B. Similarly, for both stent groups, the iodine 
density maps provided the lowest BAI value. For group A, 
multiple comparison showed significant differences between 
the optimal monoenergetic images and conventional images. 
For group B, no significant difference was observed between 
the optimal monoenergetic images, conventional images, 
and iodine density maps. The mean IDD and BAI of each 
image set for both stent groups are shown in Figure 6C and  
Figure 6D, respectively. 

Discussion

This study evaluated the effectiveness of monoenergetic 
images and iodine density maps in visualizing the stent 
lumen and structure on the dual-layer detector spectral CT 
compared to conventional CT images. The wider detector 

Figure 5 Subjective assessment score of stent lumen and structure. (A) Subjective score of stent lumen for group A. (B) Subjective score 
of stent lumen for group B. (C) Subjective score of stent structure for group A. (D) Subjective score of stent structure for group B. Group 
A was the group with stents <3 mm in diameter, and group B was the group with stents ≥3 mm in diameter. The dashed boxes indicate the 
energy level of optimal monoenergetic imaging. *, P<0.05; **, P<0.01. 
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Table 2 Mean measured quantitative parameters and P value for analysis of variance 

Image set
SNRis SNRns IDD (%) BAI (%)

<3 mm ≥3 mm <3 mm ≥3 mm <3 mm ≥3 mm <3 mm ≥3 mm

40 keV 41.26±30.63# 21.5±8.83#† 77.5±32.76#†‡ 57±14.4#†‡ 79.75±7.52 32.77±22.75 86.66±5.2 67.47±8.07

50 keV 37.04±28.71 20.7±7.87 52.11±17.88 40.2±8.49 74.21±11.4 24.75±17.84 82.62±7.86 62.61±5.75

60 keV 30.23±23.57 20.6±7.58 37.14±12.64 28.4±6.96 72.9±6.94 27.34±21.63 81.81±4.69 63.71±7.99

70 keV 31.13±16.22 16.9±5.86 27.97±9.809 21.4±5.56 71.16±5.9 19.6±21.66 80.78±4.06 59.51±6.49

80 keV 25.82±14.64 14.7±5.11 22.04±7.711 17±4 70.04±7.81 24.2±22.25 79.6±5.24 61.69±7.84

90 keV 19.98±12.64 12.3±5.93 18.3±6.202 13.9±3.27 67.4±8.7 13.95±25.27 77.76±6.07 55.93±8.39

100 keV 21.68±9.56 12±4.19 15.77±5.215 11.3±3.37 68.67±7.78 16.68±28.35 78.73±4.85 57.63±11

110 keV 19.96±9.43 10.9±4.24 13.93±4.77 10±2.58 65.74±6.7#† 13.29±26.15 76.87±4.01#‡ 55.5±10.3

120 keV 18.64±9.45 10.5±4.17 12.55±4.403 8.87±2.38 66.99±6.69 14.93±27.53 77.34±3.6 56.52±10.8

130 keV 17.6±9.63 9.51±4.77 11.41±3.92 8.04±2.18 67.19±7.09 14.45±28.8 77.22±4.21 54.59±13.1#

140 keV 16.76±9.89 9.45±4.3 10.87±3.76 7.44±2.06 67.67±9.93 14.88±27.27 77.67±6.59 56.27±10.1

150 keV 16.21±10.02 8.83±4.52 10.14±3.471 6.87±1.95 67.4±10.3 11.96±27.24# 77.58±6.81 55.14±9.81

160 keV 15.77±10.23 8.82±4.46 9.53±3.44 6.47±1.87 67.86±8.73 14.04±26.68 77.69±5.25 56.57±9.41

170 keV 15.36±10.38 8.59±4.5 9.184±3.22 6.11±1.79 66.78±9.27 14.95±25.6 76.97±5.65 57.53±8.91

180 keV 14.76±10.91 7.98±4.91 8.97±3.132 5.89±1.74 76.39±23.5 15.28±27.27 83.36±15.5 57.48±9.38

190 keV 14.76±10.65 8.22±4.55 8.74±3.06 5.69±1.69 69.89±6.43 13.95±29.05 79.73±4.16 56.84±10.5

200 keV 14.53±10.7 7.31±5.2 8.55±2.94 5.51±1.65 71.16±6.55 15.48±30.2 80.49±4 57.65±10.9

Conventional images 30.57±13.05 16.4±4.14 28.89±10.1† 21.4±3.5† 59.93±10.3† 12.96±22.16 72.13±6.44‡ 56.05±7.34

Iodine density maps 24.74±13.54 12.9±5.22† 24.72±8.81‡ 19.3±4.8‡ 59.72±9.55 5.81±23.35 71.62±6.57 49.7±10.1

F value 3.69 14.35 30.52 79.41 4.38 0.828 5.63 2.03

P 0.079 <0.001 <0.001 <0.001 0.044 0.408 0.028 0.171

Data are presented as mean ± standard deviation. #, the optimal energy level for monoenergetic imaging; † and ‡ indicate the pairs with 
P<0.05 in multiple comparisons. SNRis, in-stent lumen signal-to-noise ratio; SNRns, non-stent lumen signal-to-noise ratio; IDD, internal 
diameter difference; BAI, blooming artifact index. 

(8 cm) of the second-generation dual-layer detector 
CT improves the temporal resolution of coronary CT 
angiography on spectral imaging. However, the widening 
of the detector may complicate the transmission path of 
X-rays and make it more difficult to correct the interlayer 
scattering effect, potentially leading to a deterioration in 
image quality (21). Although some studies have explored the 
expanded applications of stent lumen imaging on dual-layer 
detector CT, there is still a lack of research on the quality of 
stent lumen and structure imaging specifically on second-
generation dual-layer detector CT (22,23). Therefore, we 
conducted an updated in vitro study to provide new insights 
into the in-stent lumen imaging capacity of the second-

generation dual-layer CT.
Previous studies using the first-generation dual-layer 

CT have shown that monoenergetic imaging is effective in 
delineating in-stent lumens. This is attributed to the ability 
of material decomposition in the raw-data domain. Liu et al. 
reported that the optimal energy level for monoenergetic 
stent lumen imaging was 80 keV, while Zhang et al. 
indicated that 90 keV provided the best image quality 
(8,23). In our study, we found that 130 and 90 keV were the 
optimal energy levels for group A and group B, respectively. 
These findings suggest that monoenergetic imaging should 
be tailored to stent diameters in clinical practice. For 
smaller diameter stents, higher energy X-ray photons are 
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Figure 6 The mean SNRis, SNRns, IDD, and BAI of each image set for both stent groups. Group A was the group with stents <3 mm in 
diameter, and group B was the group with stents ≥3 mm in diameter. Note that the curves of SNRns are smoother than those of SNRis. 
SNRis, in-stent lumen signal-to-noise ratio; SNRns, non-stent lumen signal-to-noise ratio; IDD, internal diameter difference; BAI, blooming 
artifact index. 

required to enhance penetration ability and mitigate beam 
hardening effects on lumen visualization. The inconsistency 
with the optimal energy level found in previous studies 
could be due to differences in stent materials and diameters. 
In terms of stent structure imaging, our study revealed 
that the iodine density maps were superior to both the 
optimal monoenergetic images and conventional images, 
regardless of stent diameter. According to Symons et al., 
iodine density cannot differentiate between in-stent and 
non-stent coronary arteries (24). Therefore, the application 
of the iodine density maps effectively reduces the influence 
of beam hardening artifacts on the visibility of stent 
trabeculae, improving the visualization of stent structure 
and the detection of stent-related restenosis, such as mal-
expansion, fracture, and retraction in clinical practice.

SNR is an important objective index for image 
evaluation.  In our study,  the energy level  of  the 
monoenergetic imaging increased, and the SNR for both 
the in-stent lumen and non-stent lumen decreased, which 
is consistent with previous studies (8,24,25). The specific 

anticorrelation denoising algorithm used in the dual-
layer detector CT may contribute to achieving uniformly 
low noise across different energy levels in monoenergetic 
imaging (26). SNR is influenced by the attenuation of the 
ROI and the background noise. Since the background noise 
is consistently low, a decrease in energy level would result 
in a positive correlation with SNR. Furthermore, our study 
found that the SNR of the optimal monoenergetic images 
was significantly higher than that of conventional images 
and iodine density maps. This suggests that monoenergetic 
imaging could be a preferable option for improving SNR 
in clinical practice. However, increased SNR does not 
necessarily mean improved image quality, as an in-vivo study 
showed (27). The subjective image quality should be also 
considered when pursuing the increase of SNR. We noted 
that there were large intragroup variations in the SNR, 
which were induced by the intragroup differences in stent 
diameter and material.

IDD refers to the difference between the internal 
diameter measured by CT and the actual internal 
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diameter determined by IVUS. Previous studies have 
only focused on the CT-measured and nominal diameters 
for IDD evaluation (17). However, the actual diameters 
may differ from the nominal diameters. Improper stent 
placement, both underexpansion or overexpansion can 
cause deviation between the actual and nominal diameters, 
potentially impacting the accuracy of IDD evaluation. 
To address this, we used IVUS, which provides highly 
accurate measurements of the internal stent diameter (28), 
immediately after CT scanning to avoid any discrepancies 
between the actual and nominal diameter that could affect 
IDD accuracy. A previous study reported that the mean 
IDD in conventional images range from 41% to 63%, 
and another study reported a mean IDD of 50.7%. In our 
study, the range of mean IDDs of group A (from 59.72% to 
79.75%) was higher than that reported previously, and the 
mean IDDs of group B (from 5.81% to 32.77%) were lower. 
However, previous research included nominal diameters for 
IDD evaluation, and we used IVUS to measure the actual 
internal diameter. Moreover, 32.1% (18/56) and 43.8% 
(7/16) of stents in the two studies mentioned above were 
made from 316 L stainless stee, which we did not examine. 
Differences in methodology and stent material inevitably 
result in differences in the absolute IDD values. Thus, it 
is more important to compare the variation trend than to 
compare the absolute values. Previous studies have shown 
that the visible internal diameter gradually increases with 
higher energy levels of monoenergetic imaging (22,29). In 
our study, both stent groups exhibited slight fluctuations 
in IDD, suggesting that monoenergetic imaging may 
have limited additional value in improving the accuracy of 
internal diameter measurement. There were no significant 
differences between the iodine density maps, optimal 
monoenergetic images, and conventional images. However, 
the iodine density maps yielded the lowest IDD, possibly 
due to the enhanced material decomposition ability of the 
dual-layer detector CT. Considering that iodine density 
mapping can be automatically generated and is superior 
to IDD, we expect it can improve the in-stent restenosis 
assessment when combined with CCTA and other state-
of-the-art technologies, such as deep learning image 
reconstruction (30).

It has been observed that the blooming artifacts in 
monoenergetic images gradually decrease with increasing 
energy level (31). Our study also demonstrated that the BAI 
decreased as the energy level increased from 40 to 90 keV 
and then stabilized at 100 keV. There were no significant 
differences between the iodine density maps, optimal 

monoenergetic images, and conventional images. However, 
the iodine density maps appeared to be superior in terms 
of providing the lowest BAI. In addition, iodine density 
maps can be automatically generated during postprocessing 
without any manual input, while the optimal monoenergetic 
imaging requires manual input of various energy levels for 
identifying the optimal energy level. This suggests that the 
iodine density maps may be a more efficient and accurate 
option for geometric measurement in clinical practice. We 
noted that there were large intragroup variations in the BAI 
and IDD value, which were induced by the differences in 
the severity of metal artifacts and intrinsically caused by the 
intragroup differences in stent diameter and material.

This study involved certain limitations that should be 
acknowledged. First, the stent number was limited (only 
three vendors). Second, the monoenergetic images were 
reconstructed at a 10-keV interval in order to reduce the 
postprocessing burden. However, the actual optimal energy 
level may fall within the reconstruction interval, and was 
not evaluated. Despite this limitation, the study did evaluate 
the effect of energy level on subjective and quantitative 
assessment. Third, the static stents were oriented parallel 
to the Z-axis of the CT, which differs from the moving and 
often orientation-changing implanted stents in real clinical 
practice. Fourth, this study was conducted without a flow 
condition, and thus there may be other relevant factors to 
consider in applying the study results to clinical practice. 
However, it is likely that both monoenergetic images 
and iodine density maps will improve the visualization of 
lumen and structure, as well as the accuracy of geometry 
measurement. Based on the results of the current phantom 
study, we will conduct further in vivo study on in-stent 
restenosis assessment using digital subtraction angiography 
and/or IVUS as reference standard to further validate 
the clinical usefulness of the iodine density maps and 
monoenergetic images.

Conclusions

The use of monoenergetic images and iodine density 
maps on the dual-layer detector CT provides several 
advantages. Monoenergetic images are beneficial for lumen 
visualization, while iodine density maps are useful for stent 
structure assessment. In terms of geometry assessment, 
the iodine density maps outperformed both the optimal 
monoenergetic images and conventional images. In clinical 
practice, it is necessary to comprehensively consider which 
image to use based on the given task.
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