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Objectives: The aim of this study is to compare the image quality of in vivo cor-
onary stents between an energy integrating detectors dual-layer computed tomog-
raphy (EID-DLCT) and a clinical prototype of spectral photon counting com-
puted tomography (SPCCT).
Materials andMethods: In January to June 2021, consecutive patients with cor-
onary stents were prospectively enrolled to undergo a coronary computed tomog-
raphy (CT) with an EID-DLCT (IQon, Philips) and an SPCCT (Philips). The study
was approved by the local ethical committee and patients signed an informed
consent. A retrospectively electrocardiogram-gated acquisition was performed
with optimized matching parameters on the 2 scanners (EID-DLCT: collima-
tion, 64 � 0.625 mm; kVp, 120, automatic exposure control with target current
at 255 mAs; rotation time, 0.27 seconds; SPCCT: collimation, 64 � 0.275 mm;
kVp, 120; mAs, 255; rotation time, 0.33 seconds). The injection protocolwas the
same on both scanners: 65 to 75mL of Iomeron (Bracco) at 5 mL/s. Images were
reconstructed with slice thickness of 0.67 mm, 512 matrix, XCB (Xres cardiac
standard) and XCD (Xres cardiac detailed) kernel, iDose 3 for EID-DLCT and
0.25-mm slice thickness, 1024 matrix, Detailed 2 and Sharp kernel, and iDose
6 for SPCCT. Two experienced observers measured the proximal and distal exter-
nal and internal diameters of the stents to quantify blooming artifacts. Regions of
interest were drawn in the lumen of the stent and of the upstream coronary artery.
The difference (Δ S-C) between the respective attenuation values was calculated
as a quantification of stent-induced artifacts on intrastent image quality. For
subjective image quality, 3 experienced observers graded with a 4-point scale
the image quality of different parameters: coronary wall before the stent, stent
lumen, stent structure, calcifications surrounding the stent, and beam-
hardening artifacts.
Results: Eight patients (age, 68 years [interquartile range, 8]; all men; body mass
index, 26.2 kg/m2 [interquartile range, 4.2]) with 16 stents were scanned. Five
stents were not evaluable owing to motion artifacts on the SPCCT. Of the re-
maining, all were drug eluting stents, of which 6 were platinum-chromium, 3
were cobalt-platinum-iridium, and 1 was stainless steel. For 1 stent, no infor-
mation could be retrieved. Radiation dose was lower with the SPCCT (fixed
CT dose index of 25.7 mGy for SPCCT vs median CT dose index of 35.7
[IQ = 13.6] mGy; P = 0.02). For 1 stent, the internal diameter was not assessable
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on EID-DLCT. External diameters were smaller and internal diameters were
larger with SPCCT (all P < 0.05). Consequently, blooming artifacts were reduced
on SPCCT (P < 0.05). Whereas Hounsfield unit values within the coronary ar-
teries on the 2 scanners were similar, the Δ S-C was lower for SPCCT-Sharp as
compared with EID-DLCT-XCD and SPCCT-Detailed 2 (P < 0.05). The SPCCT
received higher subjective scores than EID-DLCT for stent lumen, stent struc-
ture, surrounding calcifications and beam-hardening for both Detailed 2 and
Sharp (all P ≤ 0.05). The SPCCT-Sharp was judged better for stent structure
and beam-hardening assessment as compared with SPCCT-Detailed 2.
Conclusion: Spectral photon counting CT demonstrated improved objective and
subjective image quality as compared with EID-DLCT for the evaluation of cor-
onary stents even with a reduced radiation dose.

Key Words: coronary stents, photon counting CT, coronary CTangiography,
image quality

(Invest Radiol 2022;57: 212–221)

S tent assessment remains one of the biggest challenges of coronary
computed tomography angiography (CCTA). Consequently, al-

though CCTA is routinely integrated in the workflow of patients with
stable chest pain and its role is currently under discussion for patients
with acute chest pain without STelevation, its implementation in clini-
cal practice for stent assessment is still debated, especially for stents
with diameters smaller than 3 mm.1,2

Undeniably, different types of artifacts due to the metallic struc-
ture of the stents, namely, blooming and beam-hardening streak arti-
facts, are well-known limitations for the assessment of coronary stents
ever since submillimetric spatial resolution made it feasible.3 Although
developments in computed tomography (CT) technology resulted in
improved visualization of stent lumen,4 even CT scanners with 320
rows of energy integrating detectors (EIDs) yield a positive predictive
value of only 46%5 for the detection of intrastent restenosis (ISR).
The most common complication after stent placement, ISR should be
promptly detected as it necessitates a reintervention in 6% of cases.6,7
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In the last years, new CT scanners featuring photon counting detec-
tors (PCDs) have emerged thanks to their innovative characteristics. Made
of different materials, such as cadmium-zinc-telluride, allowing direct con-
version of photons into energy, PCDs capturemore accurately the spectrum
of attenuations, especially at low energies. Smaller in size and relieved of
other interposed components as opposed to EID, directly converting PCDs
allow for improved spatial resolution and dose efficiency as well as noise
and artifact reduction.8,9 Recently tested and confirmed on the first human
lung and vascular scans,10–12 features of CT systemswith PCDs (PCCTs)
are likely to result also in improved image quality of coronary stents.

Indeed, a few preliminary studies with a PCCT scanner and a
spectral PCCT (SPCCT), which allows for spectral and k-edge imag-
ing,11,13,14 confirmed the feasibility as well as the amelioration of image
quality of coronary stents scanned in vitro and in animals.15–19 Notwith-
standing these promising results, to the best of our knowledge, there are
so far no data regarding the assessment of coronary stents in humans.

Therefore, the aim of our study was to compare objective and
subjective image quality of in vivo coronary stents as assessed with
CCTA imaging on a commercially available EID dual-layer CT scanner
(EID-DLCT) and a clinical SPCCT prototype.
TABLE 1. EID-DLCT and SPCCT Acquisition and Reconstruction
Parameters

EID-DLCT SPCCT

Acquisition parameters
Collimation, mm 64 � 0.625 64 � 0.275
Tube voltage, kV 120 120
Tube current, mAs Reference 255 255
Dose modulation DoseRight None
Rotation time, s 0.27 0.33
Pitch 0.16 0.32

Reconstruction parameters
FOV, mm 220 220
Matrix, pixels 512 � 512 1024 � 1024
Slice thickness, mm 0.67 0.25
Increment, mm 0.34 0.25
Voxel size, mm 0.625(z) � 0.43(x) �

0.43(y)
0.25(z) � 0.21(x) �
0.21(y)

Kernel XCB and XCD Detailed 2 and Sharp
Iterative reconstruction iDose 3 iDose 6

EID-DLCT indicates energy integrating detectors dual-layer computed tomog-
raphy; FOV, field of view; SPCCT, spectral photon counting computed tomogra-
phy; XCB, Xres cardiac standard; XCD, Xres cardiac detailed.
MATERIALS AND METHODS

Study Population
This was a prospective observational monocentric study carried

out in a tertiary care university hospital. The study was approved by
the local institutional review board (N ID-RCB: 2019-A02945-52)
and all patients signed an informed consent. In January to June 2021,
8 consecutive patients with coronary stents were prospectively enrolled
to undergo 2 coronary CT scans with both a commercially available
EID-DLCT (IQon, Philips, Haifa, Israel) and an SPCCT (Philips, Haifa,
Israel). The scans were performed with a maximum delay of 3 days in be-
tween. Clinical indications for the coronary CT scans were stent or coro-
nary artery disease assessment in patients with recurrent chest pain and/
or a specific electrocardiographic anomaly and stent deployment assess-
ment after difficult procedures.

SPCCT System
The SPCCTwas a clinical prototype with a large field of view

(FOV; of 500 mm in-plane) featuring energy-sensitive PCDs of 2-
mm-thick cadmium-zinc-telluride, bonded to Philips' proprietary
ChromAIX2 application-specific integrated circuit.20 Pixel dimensions
at the isocenter are 270� 270 μm2. This system allowed the configura-
tion of 5 controllable energy thresholds that were set at 30, 51, 62, 72,
and 81 keV for optimized image quality on iodine enhanced images.

EID-DLCT and SPCCT Acquisition Parameters
An acquisition with retrospective electrocardiogram (ECG) gat-

ing was performed with optimized matching parameters on the 2 scan-
ners (EID-DLCT: collimation, 64� 0.625 mm; rotation time, 0.27 sec-
onds; pitch 0.16; SPCCT: collimation, 64 � 0.275 mm; rotation
time, 0.33 seconds; pitch 0.32). For both systems, the tube voltage
was set at 120 kVpwith a current fixed at 255mAs for SPCCT, whereas
for EID-DLCT, automatic exposure control was used with a DoseRight
index of 28 corresponding to a target current at 255 mAs for average
adult patient size with water equivalent diameter of 29 cm.

Injection Protocol
The injection protocol was the same on the 2 scanners: 65 or

75 mL of Iomeron 400 mg/mL (Bracco, Milan, Italy) at 5 mL/s, de-
pending on the patient's weight (< or >80 kg), followed by 20 mL at
4 mL/s of saline. The timing of the acquisition after injection was estab-
lished differently on the 2 scanners. For EID-DLCT, bolus tracking with
a region of interest (ROI) placed in the descending aorta and a threshold
© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
of 110 HU was used. For SPCCT, a bolus test was performed with
20 mL of contrast media at 5 mL/s, followed by 20 mL of saline solu-
tion at 4 mL/s to calculate the appropriate delay.

Unless contraindicated, a sublingual spray of nitroglycerin
(Natispray; Teofarma SRL, Italy) was administered to all patients and
an intravenous injection of β-blockers (esmolol chlorohydrate,
Esmocard; Orpha Devel Handels Vertriebs GMBH, Austria) was added
if the patient's heart rate was above 70 bpm.

Image Reconstruction
Preliminarily, images from different phases were reconstructed

on at least 3 different phases of the cardiac cycle (0%, 40%, and
78%) to define which one had the least motion artifacts and thus
allowed the best visualization for each stent.

Once the best phase/s were identified, the images for the final
analysis were reconstructed based on manufacturers' suggestions and
a preliminary selection among available parameters by 3 experienced
cardiovascular radiologists (PD, SB and SSM, with 30, 7, and 7 years
of experience, respectively).

The selected parameters were 0.67 mm with 0.4 mm increment,
512 matrix, XCB (Xres cardiac standard) and XCD (Xres cardiac de-
tailed) kernel for EID-DLCTand 0.25 mm slice thickness, 0.25 mm in-
crement, 1024 matrix, and Detailed 2 and Sharp kernel for SPCCT. Hy-
brid iterative reconstruction, iDose4 for the EID-DLCT and an adapted
iDose-like algorithm for SPCCT, was used for both CT systems with a
level of 3 for EID-DLCT and of 6 for SPCCT.

Information on acquisition and reconstruction parameters for the
2 systems can be found in Table 1.

Preliminary Image Quality Assessment for
Stent Inclusion

On the selected cardiac phases, the presence of motion artifacts
was further analyzed and each stent was classified as evaluable or not.
Stents for which only 1 portion was deemed assessable were classified
as evaluable if this part was of sufficient length (at least 1 cm length) for
objective and subjective evaluation. In case of segments of the same
stent demonstrating different characteristics (eg, emerging branches
www.investigativeradiology.com 213
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FIGURE 1. Panels A1-A2 and B1-B2 show how internal (A1 and B1) and
external (A2 and B2) stent diameters have been measured on
EID-DLCT (A) and SPCCT (B). Panels A3 and B3 illustrate how the
free-hand ROIs have been drawn on EID-DLCT (A) and SPCCT (B) inside
the coronary artery upstream the stent (ROI 1) and inside the lumen of the
stent (ROI 2). Images are displayed in the window level and window
width used for objective analysis, as defined in the methodology.

FIGURE 2. A synergy 3.5� 12mm stent placed in the proximal circumflex art
(D, E, and F). The structure of the stent is difficult to assess on both EID-DLCTm
EID-DLCT-XCD) as well as on the EID-DLCT maximum intensity projection (M
SPCCT-Detailed 2; E: SPCCT-Sharp) and MIP (F) images. The EID-DLCT also fa
SPCCT (D and E: arrowheads).

Boccalini et al Investigative Radiology • Volume 57, Number 4, April 2022
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with clear caliber discontinuation on the main stent, stent-in-stent, etc),
different segments were analyzed separately for both subjective and
objective analysis but diameters were measured at only 1 location
per segment.

Analysis of Stent Image Quality
For each stent, both objective and subjective analyses were per-

formed on a commercially available multimodality multiplanar work-
station (IntelliSpace Portal, Philips, Best, the Netherlands).

Stent diameters were independently measured by 2 radiologists
(SB and SSM, with 7 and 7 years' experience in cardiovascular imaging,
respectively). Further data for objective image quality were collected
upon definition of correct measurement planes and ROIs by the 2 radi-
ologists blinded to image type.

Subjective analysis was independently performed by 3 radiolo-
gists (PD, SB, and SSMwith 30, 7, and 7 years' experience in cardiovas-
cular imaging, respectively).

Objective Image Quality
Stent structure (stent diameters as well as derived blooming arti-

facts and struts thickness) and lumen (attenuation inside and outside of
the stent and its difference) were objectively evaluated.

For these analyses, manual double oblique multiplanar recon-
structions of each stent were performed to obtain matching long axis
and cross-axial views of the stent for the EID-DLCT-XCD kernel and
the 2 SPCCT kernels (Detailed 2 and Sharp). The window level value
was equal to the density of an ROI measurement in the aorta for each
reconstruction. The window width was then set to a value obtained by
multiplying the window level value for 2.5.17

Stent Structure
Linear measurements of the maximal internal and external diam-

eter of the proximal and distal part of the stent were performed on cross-
ery of a 72-year-oldman depicted with EID-DLCT (A, B, and C) and SPCCT
ultiplanar images reconstructed with both kernels (A: EID-DLCT-XCB; B:
IP) (C) image while being clearly defined on SPCCT multiplanar (D:
iled to depict a small calcification adjacent of the stent, nicely shown by

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 2. Patients Characteristics and Stent Information

Patients

Investigative Radiology • Volume 57, Number 4, April 2022 Photon Counting CT In Vivo Coronary Stent Imaging
axial reconstructions by 2 radiologists (SB and SSM) (Fig. 1). Measure-
ments were performed in areas of the stent without detectable adjacent
calcifications. Based on mean measurements (average of proximal and
distal), an estimation of the blooming artifacts was calculated according
to the following formula21:

Blooming ¼ Measured external stent diameter−Measured internal stent diameter
Measured external stent diameter

� 100%

The thickness of the stent struts as calculated on CT images was com-
pared with the nominal values provided by the manufacturers. For CT,
strut thickness was obtained as follows: (mean external stent
diameter-mean internal stent diameter) / 2.

Stent Lumen
Thereafter, on long axis views, manually drawn ROIs of at least

2 mm2 were drawn in the lumen of the coronary artery just before the
stent (ROI1) and inside the circulating lumen of the stent (ROI2)
(Fig. 1). For each ROI, average attenuation values in Hounsfield unit
(HU) and standard deviation were noted. Standard deviation was con-
sidered as a measure of noise. The difference between the lumen atten-
uation inside and before the stent was calculated (Δ S-C = ROI2 HU –
ROI1 HU)17 as a measure of the effect of stent-induced artifacts on
intrastent lumen image quality.
Sex All men
Height, cm 172 (8)
Weight, kg 81 (12.5)
BMI, kg/m2 26.17 (4.16)

CTacquisitions EID-DLCT SPCCT P

Heart frequency, bpm 60 (13.5) 60 (12.5) 0.37
CTDIvol, mGy 35.7 (13.6) 25.7 0.02
DLP, mGy*cm 698 (242) 476 0.02

Stents

Name Synergy
Resolute
Onyx

BiOSS
LIM Unknown Total

N 6 3 1 1 11
Metallic
structure

Platinum-
chromium

Cobalt-
platinum-
iridium

Stainless
steel

Drug Everolimus Zotarolimus Sirolimus
Localization
Prox LAD 3 1 – 1 5
Mid LAD – – 1 – 1
Dist LAD – 2 – – 2
Diagonal 1 – – – 1
Prox LCX 1 – – – 1
RCA 1 – – – 1

Dimensions
Diameter
<3 mm 1 2 – 3
>3 mm 5 1 1 – 7

Length
<15 mm 2 1 – 3
>15 mm 4 2 1 7

Continuous variables are indicated as median (interquartile range).

BMI indicates body mass index; CTDIvol, computed tomography dose index;
DLP, dose length product; EID-DLCTindicates energy integrating detectors dual-
layer computed tomography; LAD, left anterior descending; LCX, left circumflex
artery; RCA, right coronary artery; SPCCT, spectral photon counting computed
tomography.
Subjective Image Quality
Subjective image quality was assessed for the visualization of the

stent lumen, the coronary wall just upstream and downstream the stent
extremities, the stent structure, the calcifications apposed to the stent
structure, and beam-hardening artifacts. For each of these parameters
a 4-point Likert scale was used as detailed below.

For the lumen of the stent:
(1) Unacceptable, nondiagnostic image quality; (2) poor, limited

diagnostic value; (3) good, diagnostic image quality; or (4) excellent,
optimal diagnostic image quality.

For the coronary artery wall next to the stent extremities:
(1) Unacceptable, nondiagnostic image quality, the coronary

wall is not visible because of stent artifacts; (2) poor, limited diagnostic
value, stent artifacts interfere with the assessment of the coronary wall;
(3) good, diagnostic image quality, the coronary wall and the stent ex-
tremity are well visible; or (4) excellent, optimal diagnostic image qual-
ity, the coronary wall and its relationship with the stent extremity are
perfectly visible without artifacts.

For the structure of the stent:
(1) Unacceptable, nondiagnostic image quality of the stent struc-

ture, not assessable because of severe artifacts or excessive noise; (2)
poor, image quality of the stent structure with limited diagnostic value,
the structure is visible but difficult to analyze because of moderate arti-
facts or noise; (3) good, diagnostic image quality of the stent structure,
possible to diagnose/exclude stent structure abnormalities and to distin-
guish struts with minor artifacts or noise; or (4) excellent, excellent im-
age quality of the aortic wall, possible to diagnose/exclude coronary
wall abnormalities and to distinguish struts without artifacts or noise.

For the outer calcifications:
(1) Unacceptable, nondiagnostic image quality of the coronary

wall, calcifications not assessable because of severe artifacts or exces-
sive noise; (2) poor, image quality of the coronary wall with limited di-
agnostic value, calcifications are visible but difficult to differentiate be-
cause of moderate artifacts or noise; (3) good, diagnostic image quality
of the coronary wall, possible to diagnose/exclude coronary wall abnor-
malities with minor artifacts or noise; or (4) excellent, excellent image
quality of the aortic wall, possible to diagnose/exclude coronary wall
abnormalities without artifacts or noise.

For beam-hardening artifacts:
© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
(1) Unacceptable artifacts, nondiagnostic image quality of tis-
sues around the stent; (2) marked artifacts, limited diagnostic value on
tissues around the stent and acceptable image quality inside the stent;
(3) moderate artifacts, diagnostic image quality inside and outside the
stent; or (4) no artifact, optimal diagnostic image quality.

For the assessment of the coronary wall upstream and down-
stream the stent extremities, the 2 kernels for each CT scanner were
judged (Fig. 2). For all other parameters, the EID-DLCT-XCD and both
SPCCT kernels were scored.

Observers were free to set windowing and zoom parameters ac-
cording to personal preferences. Maximum intensity projections could
be used to assess the stent structure at the discretion of the observers.

Statistical Analysis
Statistical analysis was performed with SPSS, version 21

(IBM, Armonk, NY).
Continuous variables are presented as average ± standard deviation

or median (interquartile range [IQ]) as appropriate. Normal distribution
www.investigativeradiology.com 215
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TABLE 3. Comparison of Stent Diameters and Blooming Artifacts Between EID-DLCT and SPCCT With Different Kernels

EID-DLCT SPCCT XCD vs Sharp Detailed 2 vs Sharp

XCD Detailed 2 Sharp P P

Proximal diameter
Internal, mm Obs 1 1.30 (1.15) 1.90 (1.05) 2.00 (0.95) 0.002 0.04

Obs 2 1.55 (2.35) 2.30 (0.95) 2.3 (1.00) 0.007 0.76
External, mm Obs 1 5.0 (1.10) 4.50 (1.25) 4.40 (1.35) 0.011 1.00

Obs 2 4.45 (1.03) 4.10 (0.85) 4.10 (0.95) 0.010 0.71
Distal diameter
Internal, mm Obs 1 1.45 (1.30) 2.00 (0.70) 1.90 (0.90) 0.005 0.23

Obs 2 1.85 (2.35) 2.10 (1.10) 2.20 (1.10) 0.007 0.48
External, mm Obs 1 4.30 (1.00) 4.10 (1.60) 3.90 (1.20) 0.007 0.07

Obs 2 4.30 (1.33) 3.80 (1.30) 3.80 (1.60) 0.007 0.25
Blooming, %

Obs 1 71.26 (27.23) 57.41 (13.49) 53.38 (11.90) 0.002 0.012
Obs 2 62.96 (43.90) 41.49 (11.33) 39.36 (11.69) 0.003 0.42

Continuous variables are presented as median (interquartile range). Data in bold indicate significant values.

EID-DLCT indicates energy integrating detectors dual-layer computed tomography; SPCCT, spectral photon counting computed tomography; XCD, Xres cardiac
detailed.

Boccalini et al Investigative Radiology • Volume 57, Number 4, April 2022
was verified with Shapiro test and Q-Q plots. Wilcoxon signed-rank test
was used to test differences between objective measurements performed
on the 2 comparable kernels of the 2 systems and on the 2 SPCCT kernels.
These comparisons were performed separately without any further correc-
tion in this exploratory studywhere the interest was focused on the pairwise
comparison of these 2 specific and different scenarios. For subjective image
quality assessment, the Friedman test with Dunn-Bonferroni correction
was used. A P value of <0.05 was considered statistically significant.
TABLE 4. Comparison of Coronary Artery and Stent Lumen ROI Data (Su
Kernels

EID-DLCT SP

XCD Detailed 2

Coronary artery
Surface, mm2 Obs 1 12.0 (5.4) 10.8 (6.2)

Obs 2 5.5 (1.3) 6.4 (1.8)
Density, HU Obs 1 510 (194) 439.3 (243.8)

Obs 2 521 (161) 450 (245)
SD Obs 1 65.3 (17.7) 60.6 (17.4)

Obs 2 56.9 (2.3) 49 (6.5)
Stent lumen
Surface, mm2 Obs 1 3.2 (2.1) 3.2 (3.2)

Obs 2 6.3 (4.5) 2.2 (2.2)
HU, HU Obs 1 629 (449) 519 (321)

Obs 2 608 (723) 535 (303)
SD Obs 1 56.6 (26.0) 70.4 (50.7)

Obs 2 88 (62.9) 96.1 (41.8)
Δ S-C*

Obs 1 148 (304) 109 (90)
Obs 2 210 (377) 124 (92)

Continuous variables are presented as median (interquartile range). Data in bold in

* Medians of the absolute values of the Δ S-Cs.

EID-DLCT indicates energy integrating detectors dual-layer computed tomography
computed tomography; XCD, Xres cardiac detailed.
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RESULTS

Patients, Stents, and Acquisitions
Eight patients (age, 68 years [IQ, 8]; all men; body mass index,

26.2 kg/m2 [IQ, 4.2]) with 16 stents were scanned.
Five stents were not assessable because of motion artifacts on the

SPCCT (2 stents on the right coronary artery, 2 on the left circumflex
artery, and 1 in the left anterior descending), leaving 7 patients with
rface, HU, and Noise) Between the 2 Systems and Different SPCCT

CCT XCD vs Sharp Detailed 2 vs Sharp

Sharp P P

11.0 (1.9) 0.63 0.13
6.4 (1.8) 0.15 0.32

446.2 (236.1) 0.63 0.46
455 (247) 0.75 0.11

135.2 (65.5) 0.002 0.001
157 (23) 0.003 0.001

4.3 (2.6) 0.24 0.65
2.2 (2.1) 0.002 0.53
512 (311) 0.01 0.04
520 (309) 0.008 0.008

122.5 (75.3) 0.002 0.004
98.9 (55.4) 0.24 0.028

84 (61) 0.04 0.019
107 (106) 0.023 0.005

dicate significant values.

; HU, Hounsfield unit; ROI, region of interest; SPCCT, spectral photon counting

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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11 stents (corresponding to 13 segments of interest) available for further
analysis. Of the included stents, 6 were drug eluting stents (DESs) with
a metallic structure composed of platinum-chromium (Synergy, Boston
Scientific, Marlborough, MA), 3 of cobalt-platinum-iridium (Resolute
Onyx, Medtronic, Minneapolis, MN), and 1 of stainless steel (BiOSS
LIM, Balton, Warsaw, Poland). The 11th stent was also a DES, but no
further information was retrievable. Of the 11 stents, 8 were placed in
the left anterior descending, 1 on the diagonal, 1 on the left circumflex
artery, and 1 on the right coronary artery.

For 1 stent segment, the EID-DLCT-XCD reconstruction
at the appropriate phase of the cardiac cycle was not available
for analysis.

The patients' heart rate during the 2 examinations on the 2 scan-
ners was similar: 60 (IQ, 13.5) for EID-DLCT and 60 (IQ, 12.5) for
SPCCT (P = 0.37).

The per-patient dose delivered with the scans was lower with the
SPCCT (with a fixed CT dose index of 25.7mGy and dose length prod-
uct of 475.7 mGy*cm) as compared with the EID-DLCT (median CT
dose index of 35.7 [IQ, 13.6] mGy and dose length product of 698
[IQ, 242] mGy*cm) (P = 0.02).

Patient, stent, and acquisition characteristics are presented in
Table 2.
FIGURE 3. Stent extremities evaluation. Panels A (EID-DLCT-XCD) and B (SPC
anterior descending (LAD) in a 63-year-old patient. Long axis images of the p
systems: whereas the outer border of the stent seems regular on EID-DLCT (A),
stent (at the proximal extremity of the stent (A1 and B1) and at the level of th
stent contour on EID-DLCT (A1 and A2). On the contrary, SPCCT nicely sho
image protruding from the stent border (B2: arrow) at the level of the irregu
(SPCCT-Sharp) show the proximal extremity of a 3 � 48 mm Synergy stent
projection (MIP) (C) reconstruction of the EID-DLCT showed a calcification o
difficult to assess even when lookingmore closely on a multiplanar reconstruc
D1: multiplanar reconstruction corresponding to the white box on D) not on
calcification (arrowheads) but also clearly showed that the proximal extremit
by the calcification (arrows).

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
Objective Image Quality

Stent Structure
Measures of stent diameters and blooming effect are reported in

Table 3.
Measures of proximal and distal external stent diameters were

significantly smaller for SPCCT as compared with EID-DLCT for
both observers (all P < 0.05), whereas all internal diameters were
larger with SPCCT (all P < 0.05). For 1 stent, internal diameters were
not measurable on EID-DLCT because of the artifacts making the
stent lumen indistinguishable. Only the proximal internal diameter
as measured by 1 observer was different between the 2 kernels of
SPCCT (P = 0.04).

Consequently, blooming artifacts were more pronounced on
EID-DLCT than on SPCCT for both observers, with, for example,
values of 71% on EID-DLCT-XCD and 53% on SPCCT-Sharp. Only
for 1 observer was SPCCT-Sharp blooming lower than for SPCCT-
Detailed 2 (P = 0.012).

Nominal values of stent strut thickness as provided by manufac-
turers were 0.074 mm for the Synergy, 0.07 mm for the Bioss Lim, and
0.081 mm for the Resolute Onyx. Differences between stent struts
thickness calculated on CT measurements compared with nominal
CT-Sharp) show a 3 � 30 mm Resolute Onyx stent of the proximal left
roximal extremity of the stent are quite different between the 2 CT
an irregularity is clearly seen on SPCCT (B: arrow). Cross-axial images of the
e irregularity (A2 and B2) showed a similarly homogeneous and blurry
wed regular stent struts at the extremity (B1) and a hyperdense linear
larity, suggesting a disrupted strut. Panels C (EID-DLCT-XCD) and D
of the proximal LAD in a 52-year-old patient. A maximum intensity
f the upstream coronary wall, but its relationship with the stent was
tion (C1, corresponding to the white box on C). SPCCT images (D: MIP;
ly allowed to depict sharp images of the stent struts and the coronary
y of the stent was dislocated and pushed towards the center of the artery
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FIGURE 4. EID-DLCT-XCD (A) and SPCCT-Sharp (B) curved planar reformation with (A and B) and without (A1 and B1) maximum intensity projection
and cross-sectional images (A2-A6 and B2-B6) show the 4 stents of a 70-year-old man: a 3.5 � 24 mm Bioss Lim of the proximal left anterior
descending (LAD) (orange line on A and B, A4 and B4), 2 Resolute Onyx stents of 2.5� 30 mm (yellow line on A and B, A5 and B5), and 2.25� 12mm
(light yellow line on A and B, A6 and B6) of the distal LAD as well as a 3 � 38 mm Synergy stent (blue line on A and B, A3 and B3) of the first diagonal
branch. The latest has been deployed with a Y configuration, thus realizing a few millimeters of stent-in-stent (red line on A and B, A2 and B2). Even
disregarding the proximal part of the first stent of the LAD that showed marked motion artifacts, the EID-DLCT system does not allow correct
visualization of any of the stent lumina. On the contrary, SPCCT allows visualization of the stent struts and their lumina, suggesting the presence of
restenosis on the first Resolute Onyx (arrowheads). The dotted-line box on B shows where an image reconstructed from a different phase of the cardiac
cycle has been pasted for display.
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values are displayed in Figure 1, Supplemental Material, http://links.
lww.com/RLI/A654. Although there seemed to be differences between
different types of stents, no further analysis was performed considering
the low number of stents per type.
Stent Lumen
Data extracted from ROIs placed in the coronary artery just up-

stream the stent and in the stent lumen as well as the Δ S-C are reported
in Table 4.

On the 2 different acquisitions performed with the 2
systems, coronary arteries showed similar attenuation on EID-
DLCT and SPCCT ( P = 0.63 and P = 0.75 for the 2 observers, re-
spectively). No difference in attenuation in the coronary artery
218 www.investigativeradiology.com
was found between different kernels of SPCCT ( P = 0.46
and P = 0.11).

Intrastent attenuation values were lower for SPCCT (P < 0.05).
Lower attenuation (difference of 7 HU, P = 0.04, and 15 HU,
P = 0.008, for the 2 observers) was also recorded on SPCCT-Sharp as
compared with SPCCT-Detailed 2. Consequently, the intralumen arti-
facts induced by the stent structure were less pronounced on SPCCT
as highlighted by the Δ S-C values that were 44% to 49% lower on
SPCCT-Sharp as compared with EID-DLCT-XCD (both P < 0.05)
and 14% to 23% lower on SPCCT-Sharp compared with SPCCT-
Detailed 2 (both P < 0.05).

The SPCCT-Sharp kernel yielded more noise in the coronary ar-
teries and in the stent lumen as compared with both EID-DLCT-XCD
and SPCCT-Detailed 2 (all P < 0.05).
© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 5. Stent calcifications. Panels A (EID-DLCT-XCD) and B (SPCCT-Sharp) show a DES of the left anterior descending (LAD), extending over the
origin of the diagonal, of a 69-year-old man deployed in 2007. Onmaximum intensity projection (MIP) (A and A1; A1 corresponds to the white box in
A) and cross-axial (A2 and A3 at the level of the origin of the diagonal and a bit further downstream, respectively) reconstructions of the EID-DLCT, some
hyperdense images on the walls of the coronary images could represent either calcifications or struts since the stent structure is undistinguishable.
Corresponding images on SPCCT (MIP in B and B1; B1 corresponds to the white box in B; cross-sectional in B2 and B3) nicely show the stent struts
(arrows) encrusted with calcifications (arrowheads). In panels C (EID-DLCT-XCD) and D (SPCCT-Sharp), a 3.5 � 12 mm Synergy stent of the LAD,
extending over the origin of the diagonal, implanted 5 months before the CT scans. The stent had been placed over a rather voluminous calcification
(white arrowheads) that is deforming the stent lumen as it is visible on EID-DLCT (C, C1, and C2; C2: cross-axial image at the level of the white lines on
C1) as well as on corresponding SPCCT images (D, D1, and D2). The lumen of the stent is hard to assess on EID-DLCT, whereas it is clearly reduced in
caliber but patent on SPCCT. Furthermore, on the SPCCT cross-axial image (D2), the stent struts are nicely visible on 1 side (arrow), whereas on the
other side, the calcification has 1 peripheral less dense component (white arrowhead) and a denser layer closer to the stent (black arrow).
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Subjective Image Quality
Examples of stent extremities and adjacent coronary artery wall,

stent structure and lumen assessment as well as calcifications imaged
with EID-DLCT and SPCCT are provided in Figures 3, 4, and 5.

Mean scores of the 3 observers for the 5 assessed parameters are
reported in Figure 6.

Image quality scores were significantly better for all parameters
for SPCCT. This was true when comparing EID-DLCT-XCB versus
SPCCT-Detailed 2 for coronary wall assessment as well as EID-DLCT-
XCD versus SPCCT-Detailed 2 and EID-DLCT-XCD versus SPCCT-
Sharp for all parameters (all P < 0.05). The only exception was found
for beam hardening where EID-DLCT-XCD and SPCCT-Detailed 2
had similar values as highlighted by the post hoc test (P = 0.19).

The percentage of scores higher than 3, indicating good diagnostic
image quality, for EID-DLCT-XCD, SPCCT-Detailed 2, and SPCCT-Sharp
were 28% versus 85% versus 90% for intralumen, 36% versus 89% versus
96% for coronary wall, 28% versus 90% versus 90% for stent structure,
FIGURE 6. Average subjective scores.

© 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
28% versus 97% versus 97% for calcifications, and 33% versus 69%
versus 79% for beam-hardening.

Image quality was significantly better with SPCCT-Sharp as
compared with SPCCT-Detailed 2 only for stent structure (4 [0.83] vs
3.67 [0.33]) and beam-hardening (3.33 [0.67] vs 2.67 [0.67]) assess-
ment (P < 0.05). The image quality of calcifications was not signifi-
cantly different between the 2 SPCCT reconstructions but was judged
excellent with SPCCT-Sharp (4 [0.17]) and almost excellent with
SPCCT-Detailed 2 (3.67 [0.33]).

DISCUSSION
Compared with a commercial EID-DLCT, SPCCT demonstrated

improved image quality for in vivo assessment of coronary artery stents.
With the Sharp kernel, SPCCT images demonstrated decreased Δ atten-
uation between the stent lumen and the upstream coronary lumen,
reflecting a reduction in intrastent artifacts. External stent diameters were
larger and internal diameters were lower on EID-DLCT, translating in
www.investigativeradiology.com 219
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consistently more pronounced blooming artifacts on EID-DLCT. Subjec-
tive image quality scored higher for SPCCT for all parameters. The
Sharp kernel showed some advantages over a less sharp kernel on
SPCCT (Detailed 2), especially regarding artifact reduction and subjec-
tive stent structure assessment.

After its introduction in 1977, stent placement has been the
mainstay treatment for coronary stenosis and one of the most com-
monly performed procedures in developed countries.22 Although recent
studies have challenged the benefit of stent treatment as compared with
optimized medical treatment in patients with stable coronary artery dis-
ease,23 invasive treatment remains the reference for unstable chest
pain.2 After stent treatment, neointimal hyperplasia is a common phe-
nomenon leading to ISR in up to one third of patients.22 Despite the
introduction of first- and second-generation DES, ISR remains quite
frequent, occurs later after implantation, and often requires invasive
treatment.13 Furthermore, neointimal hyperplasia is the most common
but not the only etiology of stent restenosis. Other causes include
neoatherosclerosis (calcified or not) and mechanical obstacles such
as stent underexpansion and rupture and multiple layered stents in
the areas of stent-in-stent deployment.6 Therefore, stent assessment,
especially with noninvasive imaging methods, remains an important
but open challenge.

Intravascular ultrasound (IVUS) and optical coherence tomogra-
phy are the reference to assess the presence, nature, and volume of
intrastent lesions.24 The main differences between these 2 techniques
are a better spatial resolution for optical coherence tomography (10-
15 μm vs 100-150 μm for IVUS), coupled with a more restricted pene-
tration depth (limited to 2-3 mm).25 Very importantly, both techniques
are invasive and require the presence of the instruments within the cor-
onary artery. Coronary artery CTA is nowadays the only noninvasive al-
ternative for stent lumen evaluation and the only option for global stent
and adjacent tissues assessment.

However, imaging of these small, metallic structures placed on
beating coronary arteries remains an ordeal for EID CT systems. Spatial
resolution is a key factor because stent strut thickness is in the order of
0.07 to 0.08 mm and the caliber of the stent lumen varies, depending on
the dimensions of the target coronary artery, with the smallest options
being 2.25 mm. Spectral photon counting CT allows detection of up
to 28 line-pairs close to the isocenter corresponding to a line thickness
of 178 μm, which, although still larger than the stent struts, constitute a
remarkable advance compared with EID and nears the limits of IVUS.10

Artifacts are the other decisive limitation for stent assessment with CT.
Small dense structures, such as the stent metallic struts and the adjacent
calcifications, are particularly prone to blooming artifacts, which derive
from partial volume averaging of different densities within a single
voxel and result in objects looking larger than they are in reality.26

Thanks in particular to the improved spatial resolution, CT systems
with PCDs are expected to show a reduction of these artifacts as dem-
onstrated recently in phantoms and in humans.10,12,27,28 The first in
vitro and animal studies focusing on stent assessment with PCCT also
point to the same direction.15–18

These studies have shown that the density inside the lumen of the
stent is less affected by artifacts with SPCCT, resulting in improved sub-
jective evaluation.15,17–19 In addition, thanks to the reduction of bloom-
ing artifacts, measurements of metallic struts proved to be more compa-
rable with nominal values, with internal diameters being larger and ex-
ternal diameters smaller with SPCCT.16,18 These ameliorations resulted
in better detection and characterization of simulated pathology, such as
ISR and stent structure deformation due to the presence of calcifica-
tions.16,17 Our results, the first ever in humans, confirm these findings.

Interestingly, albeit not surprisingly, the higher frequency filter
on SPCCT (SPCCT-Sharp), combined with a matrix of 1024 and thin
slice thickness of 0.25 mm for an isotropic voxel of 0.25 mm3, was nec-
essary to highlight the reduction of intrastent blooming artifacts. Previ-
ous studies on EID and a recent in vitro study on PCCT have already
220 www.investigativeradiology.com
confirmed that kernels with increased 50% modulation transfer func-
tion (MTF50%) such as XCD (and SPCCT-Sharp that has an MTF50%
of 17.5 lp/cm at isocenter vs 15.8 lp/cm for the Detailed 2) are more
appropriate to depict stent lumina.29,30 On the other hand, as expected,
higher matrix and MTF50%, as well as smaller slice thickness, resulted
in increased noise. Nevertheless, this added noise did not hamper sub-
jective evaluation as it did not prevent the SPCCT-Sharp kernel from
scoring higher in stent structure and beam-hardening assessment.
However, it should be noticed that for the latter, the subjective scores
were near 3, the threshold for good diagnostic value. We hypothesize
that this is because of the exacerbation of streaks of beam-hardening
by motion.31

Indeed, having a detector coverage of only 64 � 0.275 mm, the
current SPCCT prototype is not yet optimal to depict the heart, a beat-
ing structure of about 10 cm in the z-axis, especially in comparison with
other EID CT systems with wider coverage or 2 tubes (or even to the
expected improvement of the next commercial SPCCT).32 In the cur-
rent study, the patients' heart rate was not only similar for the 2 CT scan-
ners but also rather low (around 60 beats per minute), thus impeding
any further reasoning on the high heart frequency effect on SPCCT im-
age quality. Another aspect where one might expect to find a negative
impact of the SPCCT limited detectors coverage is radiation dose. In
fact, a wider detector coverage, allowing scanning the entire heart in a
reduced amount of time or even in a single beat, enables to reduce radi-
ation dose.33 However, notwithstanding the 64 � 0.275 mm coverage,
SPCCT showed improved objective and subjective image quality with
a beneficial 32% dose reduction as compared with a commercial
EID-DLCT with a more than doubled coverage, both used with the
same retrospectively ECG-gated acquisition mode.

The present study has limitations that should be mentioned. The
first limitation of this pilot study is the small number of included sub-
jects especially when looking on a per-type of stent basis. This did
not allow us to draw more conclusions regarding the differences be-
tween stent types. Another essential limitation is constituted by the
broad inclusion criteria and lack of other reference imaging methods.
As a consequence, further prospective studies will have to ascertain that
the improved image quality of SPCCT translates in more accurate ISR
detection. Nevertheless, our initial findings did demonstrate that calci-
fications could be easily distinguished from the stent structure with
SPCCT, and other complications, such as struts tearing, could be
suspected only on SPCCT, thus encouraging the authors to believe in
the reproducibility of the presented results also in patients with
ascertained stent pathology. Last but not least, SPCCT being a proto-
type, some technical limitations still exist that have surely influenced
our proceedings and likely added some variability. For instance, al-
though we used an identical injection protocol for the 2 examinations,
the timing of the injection had to be calculated in different ways on
the 2 scanners. Furthermore, aiming to have matching parameters on
the 2 systems and taking into account some technical limitations on
SPCCT, we used a retrospectively ECG-gated acquisition and did not
implement all the available dose-sparing features routinely used on
the EID-DLCT. This explains the apparently high radiation dose values
for this commercial scanner as compared with what can be achieved for
dose-optimized cardiac examinations with dedicated last-generation
CT scanners.

In conclusion, in-human coronary stent imaging with SPCCT
angiography yields improved objective and subjective image quality
in direct comparison with a commercially available EID-DLCT. There-
fore, SPCCT is likely to overcome the current limits of CT for clinical
stent assessment, the hardest challenge of coronary CT.
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