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Abstract

Technical Note

IntroductIon

Coronary computed tomography angiography (CTA) is 
widely used for the diagnosis of coronary artery disease.[1-4] 
Coronary CTA is a potentially useful noninvasive technique 
for the evaluation of in-stent restenosis.[5-8] However, in-stent 
evaluation is challenging because of the small structure 
of the coronary arterial stent. Moreover, metallic artifacts, 
partial volume effect, blooming, photon starvation, and 
beam-hardening effects also affect the visualization.[9,10] These 
factors impede visualization of the true in-stent restenosis. 
According to a study, approximately 12% of all coronary 
stents cannot be imaged with a diagnostic quality.[11] The 
spatial resolution of conventional-resolution computed 
tomography (CT) may be insufficient for in-stent assessment 
and high-resolution (HR) imaging is required for determining 
the plaque composition and structure.[12]

Combining prototype photon-counting detector CT (PCD CT) 
with a dedicated HR plaque kernel (FUJIFILM Healthcare 

Corporation) is a recently developed technique. In general, 
PCD CT offers several advantages over the currently used 
conventional energy-integrating detector CT (EID CT).[13-16] 
The prototype PCD CT can be used in the ultra-HR (UHR) 
mode and multienergy discrimination (MED) mode depending 
on clinical purposes.[17] The detector pixel pitch at the isocenter 
in the MED mode and UHR mode is 0.58 mm × 0.63 mm and 
0.19 mm × 0.21 mm, respectively. The UHR mode has been 
shown to be particularly useful in coronary CTA.[17] Besides, 
the HR-plaque kernel is the dedicated kernel for improving 
image quality in the in-stent lumen. Therefore, compared to 
conventional EID CT, PCD CT with HR-plaque kernel may 
further improve the visualization and assessment of coronary 
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plaques in different coronary vessels in clinical practice. 
However, the PCD CT images with HR-plaque kernel have 
not been evaluated in terms of visualization of the lumen size 
and the in-stent stenotic portion. Therefore, the advantages of 
PCD CT over EID CT are not clear.

The present study aimed to compare the performance of the 
prototype PCD CT with HR-plaque kernel as compared to the 
clinically used conventional EID CT in terms of lumen size 
and visualization of the in-stent stenotic portion at different 
coronary vessel angles.

MaterIals and Methods

Coronary vessel model
A vessel tube with a noncalcified plaque in a stent (Fuyo 
Corporation, Tokyo, Japan) was used as the coronary vessel 
model [Figure 1]. The length and the lumen diameter of the 
coronary vessel model were 50.0 and 3.0 mm, respectively. 
A drug-eluting coronary arterial stent (diameter: 3 mm; strut 
thickness: 81 µm) (Xience V, Abbott Vascular, Santa Clara, 
CA, USA) was inserted in the vessel model. The degrees of 
stepped stenotic plaques inside the lumen were 25%, 50%, and 
75%. The material for the simulated plaque was composed of 
polystyrene designed for a CT number of 80 HU at 120 kVp. 
The plaque part simulated a noncalcified plaque. In this study, 
from the clinical perspective, a 50% stenotic portion was 
measured.[18] The vessel tube was filled with diluted iodinated 
contrast medium (Ioberin-300; Takeda-teva.com, Aichi, Japan) 
to reach a target lumen CT number of approximately 400 
HU. The coronary vessel model was fixed at the center of a 
water-filled polypropylene cylindrical container [diameter: 
17.5 cm; height: 11.5 cm; Figure 1].

Computed tomography imaging and image reconstruction
A vessel tube with noncalcified plaque in a 3.0-mm stent 
was scanned using the prototype PCD CT (FUJIFILM 

Healthcare Corporation, Tokyo, Japan) and the conventional 
EID CT (FUJIFILM Healthcare Corporation, Tokyo, Japan). 
The conventional axial scan mode was used for both PCD 
CT and EID CT scans. The coronary vessel model was 
placed at 15.0 mm off-center position along the x direction 
with three different angles, i.e., 0°, 45°, and 90°, along the 
z direction.

The scanner parameters for one PCD CT scan were as 
follows: tube voltage, 120 kVp; tube current-time product, 
300 mAs; detector configuration, 18 mm × 0.208 mm; slice 
thickness, 0.208 mm; slice interval, 0.206 mm; display field 
of view, 35 mm × 35 mm; and matrix size, 512 × 512. The 
scanning parameters for EID CT were detector configuration, 
8 mm × 0.625 mm; slice thickness and interval, 0.625 mm. 
The other scan parameters were the same as those for PCD 
CT.

All images were reconstructed using the filtered back 
projection (FBP) algorithm. HR-plaque reconstruction kernel 
was applied for FBP image reconstruction with UHR mode 
on PCD CT. A cardiac stent reconstruction kernel was used 
for the FBP reconstruction on EID CT.

Lumen size and in-stent stenotic-portion visibility
To analyze the lumen size and the visibility of the in-stent 
stenotic portion, multiplanar reformations (MPRs) were 
conducted using the same 0.5-mm slice thickness and 
0.2-mm slice interval in PCD CT and EID CT images. The 
straight line was set at 0.07 mm × 4.7 mm (1 × 69 pixels 
with PCD CT and EID CT images) across both sides of 
the stent struts with a 50% stenotic portion [Figure 2]. 
Subsequently, the CT numbers of pixels, including the stent 
strut, the plaque at 50% stenosis, and the contrast medium 
portions, were measured, and a profile curve was obtained. 
The profile curves were obtained from PCD and EID CT 
images. The lumen size was calculated from the distance 

Figure 1: Photograph and schematic of the experiment
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between the full width at half maximum (FWHM) values at 
both sides of the inner strut position. Regarding the in-stent 
measurements, the cutoff value at the plaque portion and 
iodine portions was set at 415 HU based on the iodine CT 
number of the outside portion of the stent [Figure 2]. The 
extent of the plaque was calculated as the length from the 
point at FWHM of the inner strut portion on the plaque 
side to the point at 415 HU of the profile curve [Figure 2]. 
Finally, the degree of the in-stent stenotic portion was 
obtained using the following equation,

Degree of in-stent stenotic portion (%) = Length at plaque 
portion/3.0-mm × 100.

results

Lumen size
The lumen sizes for PCD CT with HR-plaque kernel and EID 
CT at stent directions of 0°, 45°, and 90° are shown in Figure 3. 
The lumen sizes for PCD CT and EID CT images were 2.13 
and 1.80 mm at 0°, 2.20 and 1.77 mm at 45°, and 2.27 mm 
and 1.67 mm at 90°, respectively. The mean lumen size was 
2.20 mm for PCD CT and 1.74 mm for EID CT. The lumen 
sizes assessed by PCD CT with HR-plaque kernel were wider 
than those assessed by EID CT regardless of the stent direction.

Degree of the in-stent stenotic portion
Figure 4 shows the degree of in-stent stenotic portion visibility 
with PCD CT with HR-plaque and EID CT. The measurements 
of the in-stent stenotic portion using PCD CT and EID CT 
images were 68.8% and 90.7% at 0°, 72.7% and 90.0% at 45°, 
and 67.6% and 90.0% at 90°, respectively. The mean degree 
of the in-stent stenotic portion was 69.7% for PCD CT and 
90.4% for EID CT. The PCD CT images enabled more accurate 
measurements of the 50% stenotic portion than EID CT.

Transverse and multiplanar reformation stent images
Figures 5 and 6 show the transverse and MPR stent images at 
0°, 45°, and 90° on PCD CT with HR-plaque kernel and EID 

CT. The PCD CT images and MPR images with HR-plaque 
kernel showed better visualization of the stenotic portion and 
iodine enhancement portions compared to EID CT. Moreover, 
the PCD CT images and MPR images showed fewer blooming 
artifacts and better plaque conspicuity and iodine enhancement 
than EID CT images.

dIscussIon

The study evaluated the ability of PCD CT with HR-plaque 
kernel in terms of lumen size and in-stent plaque visibility 
at different coronary vessel angles of 0°, 45°, and 90° along 
the z direction compared to conventional EID CT. The PCD 
CT images showed superior in-stent lumen visibility of the 
plaque and iodine-enhanced portions than the EID CT images. 
Besides, PCD CT with HR-plaque kernel achieved wider 
lumen size and more accurate measurements of the in-stent 
stenotic portion compared to EID CT regardless of coronary 
vessel angles.

PCD CT with HR-plaque kernel reduced blooming artifacts 
and partial volume artifacts and improved the spatial 
resolution compared to EID CT. In general, the relevant 
image artifacts on coronary CTA result from poor image 
quality.[9] Mannil et al.[10] directly compared PCD CT with 
the best detection technology currently available in the 
clinical setting. They observed the best results for PCD 
technology at 0°- phantom position with markedly improved 
image quality, 16% better in-stent lumen visualization, and 
less blooming and partial volume artifacts, reflected in a 
37% lower increase in the attenuation of in-stent lumen. 
Mahnken et al.[9] evaluated the ability to visualize coronary 
artery lumen in the presence of coronary artery stents. They 
found that the convolution kernel had the most significant 
influence on the visibility of the lumen of the individual 
stents. The modulation transfer function was optimized in 
this kernel to reduce the blurring that typically occurs close 
to borders with high attenuation differences. This effect 

Figure 2: Profile curve at the 0° direction for obtaining photon‑counting detector CT. A rectangular region of interest was set across both sides of the 
stent struts with a 50% stenotic portion on the multiplanar reformation image and the profile curve was obtained. FWHM: Full width at half maximum
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resulted in a sharper delineation of each stent. Therefore, the 
dedicated convolution kernel was found to be an essential 
factor for improving in-stent lumen visualization. They 
concluded that a combination of PCD CT and HR-plaque 
reconstruction kernel enables high-quality visualization of 
the in-stent lumen.

Improved spatial resolution for in-plane and through-plane 
helps improve the assessment of the stenotic portion of 
the in-stent lumen. The coronary arteries typically have an 
oblique course and are often assessed using MPR of the 
transverse images (axial images). Therefore, in the present 
study, the stent angle was added at 45° and 90° along the 
z-axis. The results for the degree of the in-stent stenotic 
portion on PCD CT were 72.7% and 67.6% for 45° and 90° 
compared to 90.0% and 90.0% for 45° and 90° on conventional 
EID CT and more accurate measurements were obtained 
than conventional EID CT. When using conventional EID 
CT, Ghekiere et al.[19] suggested that the in-plane spatial 
resolution is limited to approximately 0.5 mm by the use of 
smoothing convolution reconstruction algorithms. Although 
the spatial resolution is sufficient for the assessment of 
significant coronary artery stenosis in vessels with a diameter 
of ≥1.5 mm, it may be inadequate for assessing the stent 
patency and to confidently grade coronary stenosis in severely 
calcified arteries.[19-21] Unlike EID CT, the detector size and 
slice thickness used for PCD CT in the study were narrower 
at 0.208 mm and 0.208 mm, respectively. The in-plane and 
through-plane resolution are critical factors for improving 
in-stent plaque visualization.

Some limitations of this study should be acknowledged. 
First, the coronary vessel model did not reproduce the motion 
artifacts derived from the heartbeat. Kojima et al.[22] reported 
the effect of the heart rate on motion artifact in U-HRCT. They 
found that U-HRCT is more sensitive to motion than EID CT 
is. At heart rates ≤60 bpm, U-HRCT was more accurate for 
imaging the coronary arteries than EID CT was. However, 
the inverse was shown at heart rates >60 bpm, because the 
U-HRCT images were strongly affected by motion artifacts. 
In clinical settings, the image quality of PCD CT tends to be 
hampered by cardiac motion, irregular pulse, and respiratory 
movements. To further our findings, future research should 
consider the effect of the said degraded factors on image 
quality. Second, as iterative reconstruction (IR) and deep 
learning reconstruction (DLR) are currently not available for 
use, we applied one image reconstruction algorithm of FBP. 
As IR and DLR are useful tools for reducing radiation dose 
and image noise, further development of the reconstruction 
algorithms is needed. Finally, the image reconstruction 
kernel was not applied using the same settings during image 
reconstructions with PCD CT and EID CT to enable optimal 
visualization of the in-stent lumen.

conclusIon

PCD CT images with HR-plaque kernel enable a more accurate 
assessment of lumen size and measurements of in-stent plaque 
portion compared to conventional EID CT images regardless 
of the stent direction.
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Figure 3: Lumen size assessment with photon‑counting detector 
computed tomography (PCD CT) and energy‑integrating detector CT (EID 
CT). The lumen sizes obtained with PCD CT with high‑resolution‑plaque 
kernel were wider than those obtained with EID CT regardless of the stent 
direction. CT: Computed tomography, PCD: Photon‑counting detector, 
EID: Energy‑integrating detector

Figure 4: Assessment of the degree of stenosis of the in‑stent lumen 
using photon‑counting detector computed tomography (PCD CT) with 
high‑resolution‑plaque kernel and energy‑integrating detector CT (EID 
CT). The PCD CT images enabled more accurate measurements of the 
50% stenotic portion than EID CT images. CT: Computed tomography, 
PCD: Photon‑counting detector, EID: Energy‑integrating detector
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