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PURPOSE
The study aimed to assess the feasibility and image quality of dual-source photon-counting detec-
tor computed tomography (PCD-CT) in evaluating small-sized coronary artery stents with respect 
to different acquisition modes in a phantom model.

METHODS
Utilizing a phantom setup mimicking the average patient’s water-equivalent diameter, we exam-
ined six distinct coronary stents inflated in a silicon tube, with stent sizes ranging from 2.0 to 3.5 
mm, applying four different CT acquisition modes of a dual-source PCD-CT scanner: “high-pitch,” 
“sequential,” “spiral” (each with collimation of 144 × 0.4 mm and full spectral information), and “ul-
tra-high-resolution (UHR)” (collimation of 120 × 0.2 mm and no spectral information). Image qual-
ity and diagnostic confidence were assessed using subjective measures, including a 4-point visual 
grading scale (4 = excellent; 1 = non-diagnostic) utilized by two independent radiologists, and ob-
jective measures, including the full width at half maximum (FWHM).

RESULTS
A total of 24 scans were acquired, and all were included in the analysis. Among all CT acquisition 
modes, the highest image quality was obtained for the UHR mode [median score: 4 (interquartile 
range (IQR): 3.67–4.00)] (P = 0.0015, with 37.5% rated as “excellent”), followed by the sequential 
mode [median score: 3.5 (IQR: 2.84–4.00)], P = 0.0326 and the spiral mode [median score: 3.0 (IQR: 
2.53–3.47), P > 0.05]. The lowest image quality was observed for the high-pitch mode [median score: 
2 (IQR: 1– 3), P = 0.028]. Similarly, diagnostic confidence for evaluating stent patency was highest 
for UHR and lowest for high-pitch (P < 0.001, respectively). Measurement of stent dimensions was 
accurate for all acquisition modes, with the UHR mode showing highest robustness (FWHM for se-
quential: 0.926 ± 0.061 vs. high-pitch: 0.990 ± 0.083 vs. spiral: 0.962 ± 0.085 vs. UHR: 0.941 ± 0.036, 
P = non-significant, respectively).

CONCLUSION
Assessing small-sized coronary stents using PCD-CT technology is feasible. The UHR mode offers 
superior image quality and diagnostic confidence, while all modes show consistent and accurate 
measurements.

CLINICAL SIGNIFICANCE
These findings highlight the potential of PCD-CT technology, particularly the UHR mode, to en-
hance non-invasive coronary stent evaluation. Confirmatory research is necessary to influence the 
guidelines, which recommend cardiac CT only for stents of 3 mm or larger. 
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Coronary computed tomography (CT) 
computed tomography angiography 
(CTA) is an indispensable diagnostic 

tool for ruling out obstructive coronary ar-
tery disease (CAD) in patients with a low to 
intermediate risk profile.1 While its use in 
patients with pre-existing CAD is general-
ly more restrained, recent guidelines have 
acknowledged its reasonable use in assess-
ing stent patency for patients experiencing 
symptomatic changes and if stents with an 
internal diameter of 3 mm or greater are 
present.2,3 This is attributed to the diagnos-
tic difficulties introduced by blooming arti-
facts, which originate from stent materials 
and consequently restrict the effectiveness 
of CTA-hence the restraint regarding larger 
stent diameters.4,5 

With the clinical introduction of novel 
photon-counting detector (PCD) CT tech-
nology, there is a potential advancement in 
overcoming these challenges. This technolo-
gy eliminates the need for septa within the 
detector elements and allows improvement 
in geometrical dose efficiency and electro-
cardiogram (ECG)-synchronized CTA at ul-
tra-high resolution (UHR) by utilizing a direct 
conversion process for incoming X-ray pho-
tons and semiconductor plate technology.6 
ECG-synchronized CTA is a special imaging 
procedure that is primarily used to examine 
the structure and function of the heart. In 
this method, the CT scanner is synchronized 
with the patient’s ECG signal, allowing the 
scanner to acquire images at specific points 
in the cardiac function. This synchronization 
helps to reduce the motion artifacts caused 
by the beating heart, resulting in better and 
more detailed images of the heart and its 
vessels, which is crucial for the accurate diag-
nosis of heart diseases and conditions. More-

over, a dual-source CT system using PCD-CT 
technology is clinically available. Recent 
studies have demonstrated the potential of 
PCD-CT to reduce artifacts significantly and 
improve image quality in non-invasive stent 
assessment, compared with traditional ener-
gy-integrating detector (EID) CT.7 Photon-CT 
utilizes detectors that do not require septa 
for lightning photons, unlike EID-CT. The 
PCD design incorporates application-specific 
integrated circuits instead of photodiodes, 
facilitating the construction of smaller de-
tector pixels. As a result, PCD-CT achieves 
higher spatial resolution, better delineation 
of structure edges, and reduces the spread of 
signals from high-density objects, effectively 
mitigating blooming artifacts. Additionally, 
PCD-CT’s capability to directly count and 
measure the energy of individual photons al-
lows for precise material differentiation, min-
imizing the impact of overlapping densities. 
Moreover, PCD-CT reduces image noise by 
directly converting X-ray photons into elec-
trical signals, enhancing image clarity and 
reducing blooming artifacts. Initial human 
and phantom studies have shown promis-
ing results for PCD-CT in stent evaluation, 
particularly when employing a sharp vascu-
lar convolution kernel.8,9 This approach has 
facilitated excellent in vivo visualization of 
stent lumens, with a recent study achieving 
a 100% negative predictive value for stent 
patency evaluation against invasive angiog-
raphy as the reference standard.10 

However, a dedicated analysis of PCD-CT’s 
performance in evaluating coronary artery 
stents with an internal diameter of 3 mm or 
less is lacking. Therefore, our study aims to 
evaluate the feasibility and assess the image 
quality of PCD-CT in evaluating small-sized 
coronary artery stents. Furthermore, we seek 
to investigate which specific scan mode pro-
vides the highest performance and image 
quality. 

Methods

Ethical statement 

This study used an ex vivo phantom mod-
el; therefore, ethical approval and the Dec-

laration of Helsinki were not applicable. The 
additionally presented in vivo case is part 
of a larger study sanctioned by the Institu-
tional Review Board of University Medical 
Center, Freiburg (approval no: 21-2469, date: 
09/21/2021), investigating the functional-
ities and properties of photon-counting CT 
in various clinical scenarios. Patient consent 
was not required. 

Phantom setup

The experimental setup utilized in this 
current study was previously published.11 A 
phantom mimicking the average (avg) pa-
tient’s water-equivalent diameter (DW) value 
was constructed based on the analysis of 
457 consecutive patients (189 women, 268 
men; age 61.15 ± 12.95 years; median body 
mass index 27.2; range 17.2–58.8) undergo-
ing cardiac CT. The DW value was calculated 
using a dose management system (DoseM, 
Infinitt EU, Frankfurt, Germany) according 
to AAPM TG220,12 with an avg DW of 27.5 
cm determined. The phantom, comprising 
a polymethyl-methacrylate frame (36.0 × 
24.5 cm) filled with tap water, achieved a DW 
of 28.0 cm. For CT measurements, various 
stents were inflated within silicone tubes at 
pressures specified by the manufacturer’s  
in vitro compliance table and mounted at 
the phantom’s isocenter. Silicone tubes were 
chosen for their minimal interference in im-
age quality.

Coronary stents

Six distinct coronary stents with small 
diameters were examined, each differing in 
size and from various manufacturers. The siz-
es of these stents ranged from 2.0 to 3.5 mm. 
The characteristics of each stent are shown 
in Table 1.

Contrast media 

The stent-containing silicon tubes were 
filled with an iodinated contrast medium 
(Imeron 400, Bracco Imaging, Italy) and 
diluted to achieve a radiodensity of 800 
Hounsfield units (HU) at a tube voltage of 

Main points

•	 Evaluating small coronary stents with con-
ventional computed tomography (CT) is 
challenging due to blooming artifacts.

•	 This study assessed dual-source pho-
ton-counting detector (PCD) CT using differ-
ent acquisition modes in a phantom model.

•	 The ultra-high-resolution (UHR) mode pro-
vided the best image quality, with an ex-
cellent median score of 4.0, and the highest 
diagnostic confidence (P < 0.001).

•	 All scan modes showed consistent and ac-
curate stent measurements, with the UHR 
mode scoring a full width at half maximum 
of 0.941 ± 0.036 mm.

•	 The use of PCD-CT technology is promising 
for non-invasive small-sized stent evalua-
tion; further clinical validation is needed to 
initiate guideline revision.

Table 1. Characteristics of coronary stents used in the study, including size, length, and 
properties

Manufacturer Name Size (mm) Length (mm) Properties

Monorail Synergy 3.50 8.00 Everolimus-eluting

Synsiro Biotronik 3.00 26.00 Sirolimus-eluting

Monrail Promus Elite 2.75 8.00 Everolimus-eluting

Monrail Promus Elite 2.50 8.00 Everolimus-eluting

Monrail Promus Elite 2.25 32.00 Everolimus-eluting

Medtronic Resolute Onyx 2.00 12.00 Zotarolimus-eluting
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120 kVp. To ensure an even distribution of 
the contrast agent and to prevent any sed-
imentation, a flow-simulating pump was in-
corporated into the phantom setup. This de-
vice was used to simulate a blood flow rate of 
2.0 mL/s, mirroring physiological conditions. 
Details of the contrast medium specifications 
are presented in Table 2.

Computed tomography scan parameters 
and image reconstruction

All scans were performed on a 1st genera-
tion, dual-source PCD CT scanner (NAEOTOM 
Alpha, Siemens Healthineers AG, software 
version VA50). In total, four different scans 
were performed for each stent: 1) a prospec-
tively ECG-synchronized high-pitch spiral CT 
(“flash”), 2) a prospectively ECG-triggered 
sequential scan (“sequential”), 3) a retro-
spectively ECG-gated spiral CT (“spiral”); all 
featured full spectral sensitivity and a col-
limation of 144 × 0.4 mm. Last, a retrospec-
tive spiral CT employing the ultrahigh-spa-
tial-resolution scan mode (“UHR”) without 

spectral information and a collimation of 120 
× 0.2 mm was acquired. The tube voltage was 
set at 120 kVp, and a constant effective tube 
current of 32 mAs was maintained across all 
scans to standardize image quality and en-
sure consistent diagnostic accuracy, in line 
with the manufacturer’s recommendations 
for the CT scanner used. To mimic a typi-
cal z-axis extension of cardiac CT, the scan 
length was set at 120 mm each.13,14 Images 
were reconstructed to a field of view of 140 × 
140 mm and a matrix size of 512 × 512 pixels. 
Axial images were reconstructed employing 
an intermediate sharp vascular convolution 
kernel (Bv60) and Quantum Iterative Recon-
struction at level 3. Detailed CT scan and 
reconstruction parameters are outlined in 
Table 3.

Computed tomography data analysis

All CT scans were evaluated by two inde-
pendent board-certified radiologists (MTH, 
CS; 5 and 6 years of experience in cardiac CT, 
respectively) on a dedicated and clinically 
approved workstation (Dedalus HealthCare, 
Bonn, Germany). Images were provided in 
the transversal orientation, with a default 
window level of 850 HU and a window width 
of 2.200 HU. The readers were permitted to 
adjust the window settings as desired and to 
perform multiplanar reconstructions for their 
analysis.

Visual and subjective image quality assess-
ment

The overall subjective image quality of 
the stented lumen was evaluated using a 
four-point visual grading scale, consider-
ing sharpness, noise, blooming artifact in-
terference, and diagnostic confidence for 
assessing stent patency. The grading scale 
for each parameter was defined as follows:  
For overall image quality, a score of 1 indi-
cated non-diagnostic quality, characterized 
by poor lumen attenuation with significant 
artifact interference from stent struts; a score 
of 2 indicated fair quality, with moderate 
interference from stent struts but interpre-
table lumen attenuation; a score of 3 repre-
sented good quality, with mild interference 
from stent struts and generally clear lumen 
attenuation; and a score of 4 indicated excel-
lent quality, marked by clear lumen attenua-
tion without artifact interference from stent 
struts.

Noise levels and blooming were scored 
inversely, with minimal noise or blooming 
receiving a score of 1 and extensive noise or 
blooming receiving a score of 4. Specifically, 
for noise levels, a score of 1 indicated minimal 
noise with a homogenous lumen appear-
ance; a score of 2 indicated mild noise that 
did not significantly affect image interpreta-
tion; a score of 3 indicated moderate noise 
that may impact image clarity; and a score of 

Table 2. Contrast medium specifications

Iodine concentration (mgI/mL) 400

Volume (mL) 70

Flow rate (mL/s) 2.0

Iodine flux (g/s) 0.8

Total iodine dose (g) 28

Table 3. Computed tomography scan and reconstruction parameters

Flash Sequential Spiral UHR

ECG-synchronization Prospective Prospective Retrospective Retrospective

Scan length (mm) 120 120 120 120

Scan direction Cranio-caudal Cranio-caudal Cranio-caudal Cranio-caudal

Tube voltage (kV) 120 120 120 120

Effective mAs 32 32 32 32

CARE IQ level 135 135 135 82

CTDIvol (mGy) 2.33 11.8 28.2 35.0

DLP (mGy x cm) 40.7 146 428 485

Rotation time (ms) 250 250 250 250

Pitch 3.2 N/A 0.2 0.2

Slice collimation (mm) 144 × 0.4 144 × 0.4 144 × 0.4 120 × 0.2 

Slice width (mm) 0.4 0.4 0.4 0.2 

Increment (mm) 0.2 0.2 0.2 0.1 

Matrix size (pixels) 512 × 512 512 × 512 512 × 512 512 × 512

Field of view (mm) 140 × 140 140 × 140 140 × 140 140 × 140

Reconstruction kernel Bv60 Bv60 Bv60 Bv60

Iterative reconstruction QIR level 3 QIR level 3 QIR level 3 QIR level 3

Spectral reconstruction Monoenergetic + 67 keV Monoenergetic + 67 keV Monoenergetic + 67 keV Polychromatic (T3D)

ECG, electrocardiogram; CTDIvol, computed tomography dose index volume; DLP, dose-length-product; N/A, not-applicable; QIR, quantum iterative reconstruction; UHR, ultra-
high-resolution.
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4 indicated extensive noise that made image 
interpretation difficult. For blooming artifact 
interference, a score of 1 indicated minimal 
blooming with clear visualization of stent 
struts; a score of 2 indicated mild blooming 
that did not significantly obscure stent struts; 
a score of 3 indicated moderate blooming 
that partially obscured stent struts; and a 
score of 4 indicated extensive blooming that 
significantly obscured stent struts.

Diagnostic confidence for evaluat-
ing in-stent lumen patency ranged from 
non-diagnostic (score of 1), where lumen 
patency could not be assessed, to reduced 
confidence (score of 2), where lumen paten-
cy assessment was possible but with reduced 
confidence, to good confidence (score of 3), 
where lumen patency could be assessed with 
good confidence, and ultimately to excellent 
confidence (score of 4), where lumen paten-
cy could be assessed with high confidence.

Quantitative objective image quality as-
sessment

Full width at half maximum 

Two readers measured coronary stent 
length and internal and external diameters 
on reformatted CT images, focusing on the 
axial slice that best-represented stent ge-
ometry. To quantify blooming systematical-
ly, sagittal cross-sectional images along the 
phantom’s axis were first reconstructed. Sub-
sequently, attenuation profiles were avg over 
multiple voxels perpendicular to the longitu-
dinal axis of the stent, establishing an avg 

attenuation profile. Utilizing these attenua-
tion profiles, the full width at half maximum 
(FWHM) for both intensity peaks was calcu-
lated for all stents under each acquisition 
mode. The mean of these two FWHM values 
was then used to derive measurement con-
sistency for the stent corresponding to each 
acquisition mode, as depicted in Figure 1.

Effect on in-stent lumen attenuation, con-
trast-to-noise ratio, and signal-to-noise ra-
tio

Three manually drawn regions of inter-
est (ROIs) were performed:  an in-stent ROI 
(ROIin_stent), carefully avoiding stent struts 
with a minimum 4 mm2 area, and two iden-
tical-sized ROIs at the adjacent vessel lumen 
relative to the stent (ROIproximal vessel and ROId-

istal vessel), placed within 10 mm of the stent’s 
ends. The avg HU and standard deviation 
(SD) were noted for every ROI. The following 
equation was applied to evaluate the atten-
uation changes caused by the stent in the 
lumen (HUIn-stent):

Two circular ROIs of 250 mm2 were placed 
within the water around the stent, and the 
avg, as well as SD and HU, were noted. The 
signal-to-noise ratio (SNR) and contrast-to-
noise ratio (CNR) were calculated as follows: 

Statistical analysis

Statistical analyses were performed using 
open-source Python (version 3.9.13) and Ju-
pyter Notebooks. The Shapiro–Wilk test was 
used to check for the presumption of normal 
distribution. Quantitative variables with nor-
mal distribution were expressed as mean ± 
SD. Categorical variables were presented as 
frequencies and percentages in parentheses. 
Non-normally distributed variables, such as 
subjective image quality scores or attenu-
ation, were expressed as the median and 
interquartile range (IQR), and their compari-
sons across different acquisition modes were 
analyzed using the Kruskal–Wallis test. Anal-
ysis of variance (ANOVA) was performed to 
determine the statistical significance of the 
differences in FWHM measurements across 
the four CT acquisition modes. Following a 
significant ANOVA result, post-hoc pairwise 
comparisons were conducted using Tukey’s 
honestly significant difference (HSD) test to 
identify which specific acquisition modes 
differed from one another. To account for 
the increased risk of type I error due to mul-
tiple comparisons, the Bonferroni correc-
tion was applied to all P values. A P value of 
<0.05 was considered statistically significant. 
For testing diagnostic accuracy, 95% confi-
dence intervals (CIs) were reported. All sta-
tistical measurements were performed by TS  
(4 years of experience).

Results
For all six small-sized stents, four consec-

utive scans using different acquisition meth-
ods were performed. Representative images 
for a stent measuring 2.0 mm in diameter are 
presented in Figure 2. Figure 3 summarizes 
the overall subjective assessments of diag-
nostic confidence for evaluating stent paten-
cy, sharpness, blooming artifact interference, 
and noise; Table 3 outlines the overall image 
quality and objective quality evaluation met-
rics.

Visual and subjective image quality assess-
ment

The UHR mode provided the highest 
subjective image quality across all stent siz-
es, with a median score of 4 (CI: 3.67–4.00), 
categorizing 18 (37.5%) of the images as “ex-
cellent.” Sequential and spiral modes showed 
slightly lower subjective image quality, with 
median values of 3.5 (CI: 2.84–4.00) and 3.0 
(CI: 2.53–3.47), respectively. The flash mode 
provided the lowest subjective image qual-
ity, with a median value of 2.25 (CI: 1.66–
2.84)) and was considered “non-diagnostic” 

Figure 1. Displays the mean intensity profile of an entire stent. For every acquisition mode and each stent, 
the full width at half diameter was calculated to account objectively for stent-induced blooming artifact 
interference. FWHM, full width at half maximum.
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in 3 (6.3%) stents. Subjective and objective 
image qualities relative to the acquisition 
mode are displayed in Table 4.

When analyzing the acquisition modes in 
detail for different stent sizes, the UHR mode 
provided the highest performance in terms 
of image quality across various stent diam-
eters, with statistically significant differenc-
es identified when compared with the flash 
mode (CI: 1.31–2.85, P = 0.0015) and when 
compared with the spiral mode (CI: 2.38-3.69, 
P = 0.0284). The sequential mode did not dif-
fer significantly from the UHR-spiral mode 
in pairwise comparisons (CI: 2.47–4.11, P = 
0.3236). Details on subjective image quality 
distribution relative to stent size are provid-
ed in Table 5. 

Visual and subjective sharpness analysis

The analysis of stent sharpness revealed 
that the UHR mode was significantly associ-
ated with the highest mean sharpness scores 
across all stent sizes, achieving a value of 
4.00 (CI: 3.67–4.33), whereas the flash mode 
achieved a median value of 2.00 (CI: 1.97–
2.21). The sequential mode showed mod-

erate performance, with a score of 3.00 (CI: 
2.53–3.47), whereas the spiral mode showed 
a median of 2.50 (CI: 1.8–3.20), with P = 
0.0349 compared with the UHR mode. Stent 
sizes did not affect overall sharpness (Tukey 
HSD P > 0.05). Overall, the statistical analysis 
emphasizes the superior performance of the 
UHR mode regarding sharpness across the 
range of stent diameters. Significant differ-
ences were found in comparisons with the 
flash mode (P = 0.0007) and spiral mode (P 
= 0.0349), and again, the sequential mode’s 
differences were not significant (P = 0.2279).

Visual and subjective noise analysis 

The analysis of noise levels across differ-
ent stent sizes and acquisition modes re-
vealed that the UHR-spiral mode was asso-
ciated with the highest mean noise level of 
3.00 (CI: 2.67–3.33), indicating it produced 
the most noise among the acquisition modes 
tested. In contrast, the flash mode showed 
improved noise performance with 2.25 (CI: 
1.34–2.66), with significant differences com-
pared with UHR (P = 0.0217). Sequential and 
spiral modes demonstrated intermediate 

noise levels with 2.50 (CI: 1.84–3.16) and 2.25 
(CI: 1.70–2.80), respectively. Analysis of noise 
levels in relation to stent diameters did not 
show significant variation (Tukey HSD P > 
0.05, respectively). 

Visual and subjective diagnostic confi-
dence for evaluating stent patency

In evaluating coronary stents using the 
different cardiac CT scan modes-sequential, 
spiral, UHR, and flash-the results showed 
a median “good” diagnostic confidence of 
3.0 (IQR, 2.0–4.0) for sequential, for spiral a 
“good” median score of 3.0 (IQR, 3.0–4.0), 
and for flash a “reduced” median score of 
2.0 (IQR, 2.0–3.0). The UHR mode provided 
the highest diagnostic confidence median 
of 3.5, with an IQR of 1.0 (3.0–4.0). The UHR 
mode demonstrated superior performance 
by achieving “good” or “excellent” diagnostic 
confidence in all readings (n = 12), which cor-
responds to 100.00% of its evaluations. The 
spiral scan mode followed, achieving “good” 
or “excellent” diagnostic confidence in 9 out 
of 12 readings (75%). The sequential scan 
mode reported “good” or “excellent” confi-
dence levels in 9 out of 12 readings, translat-
ing to 75% of the time, while the flash scan 
mode achieved these levels of confidence in 
3 instances or 25% of cases. Detailed metrics 
on diagnostic confidence are presented in 
Table 6, and an in vivo imaging example is 
provided in Figure 4.

Full width at half maximum measurements 

The inner stent diameters were consis-
tently measured across all modes, averaging 
1.8 ± 0.4 mm; the outer diameter measure-
ments showed a slight variation, with an 
overall avg of 3.1 ± 0.5 mm. The FWHM val-
ues were uniformly distributed, with a mean 
of 0.947 ± 0.067 mm across all scans. 

The most stable mean FWHM was found 
to be 0.941 mm (CI: 0.912–0.971) in the UHR 
mode, followed by the sequential mode 
(FWHM of 0.926, CI: 0.876–0.975), indicat-
ing the least amount of blooming artifact 
interference. The flash mode displayed the 
highest mean FWHM of 0.990 mm (CI: 0.924–
1.057), potentially indicating more bloom-
ing susceptibility. However, the differences 
across acquisition modes did not reach sta-
tistical significance (ANOVA P = 0.386). The 
sequential and spiral modes yielded similar 
mean FWHM results of 0.926 mm (CI: 0.877–
0.975) and 0.932 mm (CI: 0.863–1.000), re-
spectively, with no significant differences 
compared with the UHR-spiral mode (Bon-
ferroni corrected P > 0.05). 

Figure 2. Presents a longitudinal multiparametric reconstruction alongside a transversal section through 
a stent of 2.00 mm, with a window level of 850 Hounsfield units (HU) and a window width of 2,200 HU. 
Displayed are, from left to right, four distinct computed tomography (CT) acquisition modes: high-pitch 
helical CT (“flash”), sequential CT, spiral CT, and ultra-high-resolution (UHR) CT. Image quality was assessed 
by two independent radiologists, who found the flash CT quality poor due to compromised clarity and 
artifact interference of the stented lumen. Both sequential and spiral CT images were deemed to have 
reduced quality, with some loss of detail within the stent lumen. In contrast, the UHR CT image was 
rated independently as excellent, showcasing exceptional detail and clarity in stent structure and lumen 
visualization.
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Figure 3. Displays the result of the qualitative analysis for diagnostic confidence of stent patency (upper left), sharpness (upper right), noise (lower left), and blooming 
artifact interference (lower right). Values were presented as mean and 95% confidence interval ranges (CI). The P values were corrected for multiple comparisons 
using the Bonferroni method. The ultra-high-resolution (UHR)-spiral mode received the highest ratings for stent patency with a mean of 4.00 (CI: 3.59–4.41), and 
flash mode showed the lowest with a mean of 2.25 (CI: 1.66–2.84). Similarly, sharpness was rated highest in the UHR-spiral mode with a mean of 4.00 (CI: 3.67–4.33). 
Flash mode registered the lowest sharpness ratings with a mean of 2.00 (CI: 1.79–2.21). Regarding noise, the UHR-spiral mode exhibited the lowest perceived noise 
levels with a mean of 3.00 (CI: 2.75–3.25), while the sequential mode also displayed comparatively low noise levels with a mean of 2.75 (CI: 2.24–3.26). For blooming 
effects, the flash mode exhibited the highest with a mean of 3.00 (CI: 2.31–3.69), and the lowest blooming effects were noted in the UHR-spiral mode with a mean 
of 2.00 (CI: 1.67–2.33). 
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Table 4. Image quality analysis with analysis of overall image quality, diagnostic confidence, and objective measurements across different 
computed tomography acquisition modes: overall image quality (median [IQR]), diagnostic confidence (median [IQR]), inner diameter (mm, 
mean ± SD), outer diameter (mm, mean ± SD), FWHM (mm, mean ± SD), SNR (mean ± SD) and CNR (mean ± SD)

Flash Sequential Spiral UHR Overall

Subjective image quality 

Overall image quality† 2 [1–3] 3 [2–4] 3 [2–4] 4 [3–4] 3 [2–4]

Excellent 3 6 9 18 (37.5%)

Good 4 7 3 3 17 (35.4%)

Reduced 5 2 3 10 (20.8%)

Non-diagnostic 3 3 (6.3%)

Objective image quality 

Measured inner diameter (mm) 1.79 ± 0.33 1.81 ± 0.31 1.77 ± 0.35 1.71 ± 0.27 1.8 ± 0.4

Measured outer diameter (mm) 3.02 ± 0.47 3.17 ± 0.38 3.15 ± 0.39 3.15 ± 0.35 3.1 ± 0.5

FWHM (mm) 0.990 ± 0.083 0.926 ± 0.061 0.962 ± 0.085 0.941 ± 0.036 0.947 ± 0.067

Attenuation (avg HU)

Water* 5.23 ± 57.0 4.64 ± 52.5 6.26 ± 51.5 3.43 ± 43.6 4.89 ± 51.2

Adjacent vessel* 863.5 ± 56.1 857.4 ± 58.5 853.5 ± 59.0 750.7 ± 49.95 831.3 ± 55.9

In-stent lumen* 991.5 ± 140.1 923.1 ± 95.1 928.0 ± 82.5 817.4 ± 83.5 915.0 ± 100.3

Noise (SD HU)

Water 50.1 49.4 53.4 51.8 51.2 ± 6.6

SNR 11.6 ± 1.8 13.6 ± 1.9 14.0 ± 2.1 13.4 ± 1.7 13.2 ± 2.1

CNR 11.6 ± 1.9 13.5 ± 1.9 13.9 ± 2.1 13.4 ± 1.7 13.1 ± 2.1
†Values correspond to median and interquartile range in square brackets; *Values are presented as mean and standard deviation. 
FWHM, full width at half maximum; SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; avg, average; HU, Hounsfield units; SD, standard deviation; IQR, interquartile range; 
UHR, ultra-high-resolution.

Table 5. Image quality relative to acquisition mode and stent size

Stent size (mm)

2.00 2.25 2.50 2.75 3.00 3.50

Scan mode

Flash

Excellent
(n = 18)

Image 
quality

Sequential 1 2

Spiral 1 1 2 2

UHR 2 2 1 2 2

Flash 1 2 1

Good
(n = 17)

Sequential 1 2 1 2 1

Spiral 1 1 1

UHR 2 1

Flash 1 2 1 1

Reduced
(n = 10)

Sequential 1 1

Spiral 2 1

UHR 

Flash 2 1

Non-diagnostic
(n = 3)

Sequential

Spiral 

UHR 

Two readers assessed the image quality for various stent sizes across different imaging acquisition protocols. The stents ranged in size from 2.00 to 3.50 mm, with protocols 
including flash, sequential, spiral, and UHR scan modes. Image quality was rated on a four-point scale from “excellent” to “non-diagnostic.” Each entry represents the number of 
stents that were assigned a particular image quality level by the readers under each protocol and stent size combination. The far-right column denotes the total counts of ratings 
for each image quality category. UHR, ultra-high resolution.
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Signal-to-noise ratio and contrast-to-noise 
ratio 

The SNR values spanned from 11.6 ± 1.8 in 
flash mode to 14.0 ± 2.1 in spiral mode. Sim-
ilarly, CNR evaluations illustrated a marginal 
preference for the spiral mode at 13.9 ± 2.1 
over the flash mode, which presented a CNR 
of 11.6 ± 1.9.

Discussion
Our ex vivo phantom study assessed the 

feasibility and image quality of PCD-CT for 
evaluating small-sized coronary stents (2.0–
3.5 mm internal diameter). We found that 
PCD-CT is effective for stent imaging, par-
ticularly in the UHR mode, which provided 
superior image quality and diagnostic confi-
dence compared with standard dual-source 
PCD-CT scan modes. The high-pitch spiral 
mode was deemed unsuitable for small stent 
imaging. 

A study by Mannil et al.15, which analyzed 
larger stents using a dual-source prototype 
scanner with one detector being an ener-
gy-integrating CT and the other using PCD 
technology, found that PCD technology 
enhanced stent lumen visibility. In compar-
ative in vitro analysis between PCD-CT and 
EID-scanner systems, superior stent lumen 

visibility was achieved, particularly in the 
UHR mode.16,17 The results of all these studies 
corroborate our findings.

The objective measures of the FWHM for 
the sequential and UHR modes underscored 
its superior robustness, while all acquisition 
modes provided measurement consisten-
cy. In that regard, our study results are in 
agreement with those of a recent study per-
formed by Koons et al.18, which shows the 
least amount of blooming for UHR mode and 
the use of a sharp kernel. This has been con-
firmed in a recent clinical study highlighting 
improved diagnostic performance of coro-
nary stents with optimal in-stent lumen at 
Bv72 kernels.19 Subjective assessments of 
image quality and diagnostic confidence 
further reinforced the advantages of the UHR 
mode, with it receiving the highest propor-
tion of “excellent” ratings across all evaluated 
parameters. Conversely, the high-pitch heli-
cal scan mode displayed limitations in accu-
rately depicting smaller stents, suggesting 
that although it may offer reduced radiation 
dose,20 it is not suitable for small-sized stent 
assessment. This is confirmatory to results 
reported by Ochs et al.21, where a noticeable 
deterioration in image quality was observed 
in patients with increased coronary calcifica-
tions. 

While our results indicate a significant 
potential of UHR PCD-CT in assessing small-
sized stents, the implications extend beyond 
stent evaluation: initial clinical studies indi-
cate high potential in coronary stenosis of 
stenosis severity,22 enhanced diagnostic ac-
curacy in challenging cases, and pronounced 
plaques evaluation.23-25 It remains to be de-
termined how this advanced technology will 
impact patient management and outcomes.

This study’s limitations include its ex vivo 
nature, which presents challenges for direct 
clinical application. We focused on different 
acquisition modes for small-sized stent im-
age quality but did not evaluate the impact 
of different kernels or iterative reconstruc-
tion levels, which have been addressed in 
previous studies. Additionally, the current 
scanner software does not support simul-
taneous UHR–CTA spectral sensitivity with 
monoenergetic reconstruction, an area 
needing future research to determine the 
best imaging approach. In this regard, a re-
cent study investigated the image quality of 
stents in various 3.00 mm stents UHR-CT with 
a sharp kernel, and synthetic monoenergetic 
reconstruction of 55 keV showed promising 
results.26 Furthermore, updated scanner ver-
sions introduced sequential scanning with 
UHR. Here, a comparative analysis of diag-
nostic performance between retrospective 

Table 6. Diagnostic confidence relative to acquisition mode and stent size

Stent size (mm)

2.00 2.25 2.50 2.75 3.00 3.50

Scan mode

Flash

Excellent
(n = 19)

Diagnostic 
confidence 

Sequential 1 2 1 2

Spiral 1 2 2

UHR 2 2 2 2

Flash 1 2 1

Good 
(n = 15)

Sequential 1 1 1

Spiral 2 2

UHR 2 2

Flash 1 2 1 1

Reduced 
(n = 10)

Sequential 2 1

Spiral 1 1

UHR 

Flash 2 1

Poor 
(n = 4)

Sequential

Spiral 1

UHR 

Two readers assessed the diagnostic confidence for various stent sizes across different imaging acquisition protocols. The stents ranged in size from 2.0 to 3.50 mm, with protocols 
including flash, sequential, spiral, and UHR mode. Diagnostic confidence was rated on a four-point scale from “excellent” to “poor.” Each entry represents the number of stents 
that were assigned a particular confidence level by the readers under each protocol and stent size combination. The far-right column denotes the total counts of ratings for each 
diagnostic confidence category. UHR, ultra-high resolution.



 

Photon-counting detector ct in evaluating small-sized coronary stents • 37

and sequential UHR PCD-CT would be in-
sightful.

In conclusion, our ex vivo study demon-
strates that the UHR mode of PCD-CT offers 
the best image quality and diagnostic con-
fidence for evaluating small-sized coronary 
stents. Given that current guidelines do not 
recommend non-invasive modalities for 
stents smaller than 3 mm, our findings sug-
gest that PCD-CT could fill this gap, pending 
validation through dedicated in vivo clinical 
studies.
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