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Ultra-High-Resolution Coronary CT Angiography With
Photon-Counting Detector CT
Feasibility and Image Characterization
Victor Mergen, MD,* Thomas Sartoretti, BMed,*†‡ Matthias Baer-Beck, PhD,§ Bernhard Schmidt, PhD,§
Martin Petersilka, PhD,§ Joachim Ernst Wildberger, MD, PhD,†‡ André Euler, MD,*
Matthias Eberhard, MD, EBCR,* and Hatem Alkadhi, MD, MPH, EBCR, FESER*
Objectives: The aim of this studywas to evaluate the feasibility and quality of ultra-
high-resolution coronary computed tomography angiography (CCTA)with dual-source
photon-counting detector CT (PCD-CT) in patients with a high coronary calcium
load, including an analysis of the optimal reconstruction kernel and matrix size.
Materials and Methods: In this institutional review board–approved study, 20
patients (6 women; mean age, 79 ± 10 years; mean body mass index,
25.6 ± 4.3 kg/m2) undergoing PCD-CCTA in the ultra-high-resolutionmodewere in-
cluded. Ultra-high-resolution CCTA was acquired in an electrocardiography-gated
dual-source spiral mode at a tube voltage of 120 kV and collimation of
120 � 0.2 mm. The field of view (FOV) and matrix sizes were adjusted to the
resolution properties of the individual reconstruction kernels using a FOV of
200 � 200 mm2 or 150 � 150 mm2 and a matrix size of 512 � 512 pixels or
1024 � 1024 pixels, respectively. Images were reconstructed using vascular kernels
of 8 sharpness levels (Bv40, Bv44, Bv56, Bv60, Bv64, Bv72, Bv80, and Bv89),
using quantum iterative reconstruction (QIR) at a strength level of 4, and a slice thick-
ness of 0.2 mm. Images with the Bv40 kernel, QIR at a strength level of 4, and a slice
thickness of 0.6mm served as the reference. Image noise, signal-to-noise ratio (SNR),
contrast-to-noise ratio (CNR), vessel sharpness, and blooming artifacts were quanti-
fied. For subjective image quality, 2 blinded readers evaluated image noise and delin-
eation of coronary artery plaques and the adjacent vessel lumen using a 5-point
discrete visual scale. A phantom scan served to characterize image noise texture
by calculating the noise power spectrum for every reconstruction kernel.
Results:Maximum spatial frequency (fpeak) gradually shifted to higher values for
reconstructions with the Bv40 to Bv64 kernel (0.15 to 0.56 mm−1), but not for
reconstructions with the Bv72 to Bv89 kernel. Ultra-high-resolution CCTAwas
feasible in all patients (median calcium score, 479). In patients, reconstructions
with the Bv40 kernel and a slice thickness of 0.6 mm showed largest blooming
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artifacts (55.2% ± 9.8%) and lowest vessel sharpness (477.1 ± 73.6 ΔHU/mm)
while achieving highest SNR (27.4 ± 5.6) and CNR (32.9 ± 6.6) and lowest noise
(17.1 ± 2.2 HU). Considering reconstructions with a slice thickness of 0.2 mm,
image noise, SNR, CNR, vessel sharpness, and blooming artifacts significantly
differed across kernels (all P's < 0.001). With higher kernel sharpness, SNR
and CNR continuously decreased, whereas image noise and vessel sharpness in-
creased, with highest sharpness for the Bv89 kernel (2383.4 ± 787.1 ΔHU/mm).
Blooming artifacts continuously decreased for reconstructions with the Bv40
(slice thickness, 0.2 mm; 52.8% ± 9.2%) to the Bv72 kernel (39.7% ± 9.1%).
Subjective noise was perceived by both readers in agreement with the objective
measurements. Considering delineation of coronary artery plaques and the adja-
cent vessel lumen, reconstructions with the Bv64 and Bv72 kernel (for both, me-
dian score of 5) were favored by the readers providing an excellent anatomic de-
lineation of plaque characteristics and vessel lumen.
Conclusions: Ultra-high-resolution CCTAwith PCD-CT is feasible and enables
the visualization of calcified coronaries with an excellent image quality, high
sharpness, and reduced blooming. Coronary plaque characterization and delinea-
tion of the adjacent vessel lumen are possible with an optimal quality using Bv64
kernel, a FOVof 200 � 200 mm2, and a matrix size of 512 � 512 pixels.

Key Words: photon-counting computed tomography, coronary CTangiography,
ultra-high-resolution
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C oronary artery computed tomography angiography (CCTA) has
become an integral part of the diagnostic workup of patients with

suspected coronary artery disease,1,2 which is due to the excellent sensi-
tivity and negative predictive value for the diagnosis and exclusion of cor-
onary artery stenosis.3 However, in patients with a high coronary calcium
burden, the delineation of the luminal stenosis may be inaccurate in the
presence of severe calcifications. Calcium blooming may lead to an over-
estimation of the stenosis grade and hence, to false-positive diagnoses in
CT.4 Increasing the spatial resolution of CT image data acquisition,
hereby reducing partial volume effects of high attenuating structures,
has shown to be one major technique to reduce this shortcoming.5

In energy-integrating detector CT (EID-CT), incident photons are in-
directly converted into electrical signals. X-ray photons are first transformed
into visible light by a scintillator and subsequently transduced into an elec-
trical signal by a photodiode. To prevent optical crosstalk, optically opaque
collimator blades are necessary between the EIDs, deteriorating geometric
dose efficiency.6 Acquisition of ultra-high-resolution scans with EID-CT
is hampered as detector pixel is the major factor limiting spatial resolution.
Hence, additional techniques such as the use of attenuating comb filters re-
ducing the detector aperture are necessary to improve spatial resolution.7

Recently, the first whole-body full FOV dual-source photon-
counting detector CT (PCD-CT) system has been introduced, which in-
cludes semiconducting detector elements capable of a direct conversion
of incident photons to electrical signals. Absorbed x-ray photons even-
tually induce electron-hole pairs in the semiconductor material, with the
electrons immediately attracted to the pixelated anode by the strong
estigative Radiology • Volume 57, Number 12, December 2022
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voltage applied across the semiconductor. As detector cells are defined
by the strong electric fields, there is no need for additional separation
layers, thus optimizing geometric dose efficiency and allowing smaller
detector sizes.6,8–12 With this scanner, an ultra-high-resolution mode is
availablewith detector pixels of size 0.151� 0.176mm2 at the isocenter.13

This translates to a maximum spatial in-plane image resolution of 0.11mm
and a maximum through-plane resolution of 0.16 mm.

Previous phantom studies using a high-resolution mode with a
prototype PCD-CT system yielded superior coronary plaque and
in-stent visualization as compared with EID-CT.14–16 High-resolution
CCTA acquired with another prototype PCD-CT also outperformed
EID-CT in patients with regard to overall image quality and diagnostic
quality of coronary calcifications, stents, and noncalcified plaques.17,18

The purpose of this study was to evaluate the feasibility and
quality of ultra-high-resolution CCTAwith dual-source PCD-CT in pa-
tients with a high coronary calcium load, including an analysis of the
optimal reconstruction kernel and matrix size.

MATERIALS AND METHODS

Phantom
A water-filled cylindrical container with 30-cm diameter was

scanned using the same ultra-high-resolution PCD-CT protocol as used
in the patients (see protocol details below). Following previous recom-
mendations,19 the noise power spectrum (NPS) of the phantom was
measured to characterize image noise texture.

Patients
Consecutive patients who underwent PCD-CTwith an ultra-high-

resolution protocol before transcatheter aortic valve replacement within a
nationwide prospective TAVR registry were screened (clinicalTrials.gov
Identifier: NCT01368250). This single-center study had local ethics
committee approval and was performed in compliance with the declara-
tion of Helsinki.Written informed consent was obtained from all patients.
Patients with aortocoronary bypass grafts were excluded.

CT Data Acquisition
Patient and phantom scans were performed on a first-generation,

whole-body, dual-source PCD-CT system (NAEOTOMAlpha; version
syngo CT VA50; Siemens Healthcare GmbH; Forchheim, Germany)
equipped with 2 cadmium telluride detectors. The patient scan protocol
consisted of an unenhanced scan followed by an ultra-high-resolution
CCTA and subsequent CT aortography. Before the examination, patients
received sublingual nitroglycerin (2.5mg isosorbide dinitrate) if not contra-
indicated. Noβ-blocker medication for heart rate controlwas administered.

Ultra-high-resolution CCTA was performed using a retrospec-
tively electrocardiography (ECG)-gated dual-source helical mode with
TABLE 1. Reconstruction Parameters and Kernels

Kernel ρ10, Lp/cm Field of View, mm2 Imag

Bv40 6.6 200 � 200
Bv44 7.7 200 � 200
Bv56 10.8 200 � 200
Bv60 11.8 200 � 200
Bv64 11.2 200 � 200
Bv72 17.4 200 � 200
Bv80 25.9 200 � 200
Bv89 35.9 150 � 150

Lp indicates line pairs; ρ10 indicates spatial frequency at which the modulation tran
image resolution ρmax refers to the maximum frequency that can be displayed at a giv

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
a tube voltage of 120 kV and a collimation of 120 � 0.2 mm. Tube
current-time product was adjusted to an image quality (IQ) level of 64
using automated tube currentmodulation, corresponding to the default proto-
col on the scanner. The pitch factorwas automatically selected by the scanner
depending on the heart rate and ranged between 0.19 and 0.32. Gantry
rotation timewas 0.25 seconds achieving a temporal resolution of 66mil-
liseconds. A total of 50 to 80 mL iodinated contrast medium (iopromide,
Ultravist 370 mg iodine/mL; Bayer Healthcare, Berlin, Germany), de-
pending on the body weight of the patients, followed by a saline chaser
(NaCl 0.9%) of 20 mL applying a weight-based flow rate (3.3–4.4 mL/
s) was injected into an antecubital vein using an 18-gauge catheter. Bolus
tracking in the ascending aorta with a threshold of 140 HU at 90 kV was
used to initiate the scan start. The ECG-pulsing window was set at fixed
30% to 80% of the R-R interval. In the ultra-high-resolution mode, de-
tector pixels are read out separately, and the whole spectrum of ab-
sorbed photons is used employing a single energy threshold at 20 keV.20

Image Reconstruction
Ultra-high-resolutionCCTA imageswere reconstructed using the fol-

lowing vascular kernels of 8 sharpness levels: Bv40, Bv44, Bv56, Bv60,
Bv64, Bv72, Bv80, and Bv89. The%R-R phase with least motion artifacts
was selected for each patient individually and was reconstructed at a slice
thickness of 0.2 mm, increment of 0.2 mm, and using a novel quantum iter-
ative reconstruction (QIR) algorithm21 at a strength level of 4. In addition,
ultra-high-resolution CCTA images were reconstructed at a slice thickness
of 0.6 mm, increment of 0.3 mm, and using the Bv40 kernel and QIR
at strength level of 4; these images serving as the reference standard.

The maximum spatial frequency (ρmax) that can be displayed in
reconstructed CT images is determined by the FOVand the matrix size
and can be approximated by the following equation, which is based on
the Nyquist theorem22:

ρmax ¼ 1= 2� FOV cm½ �=matrix size pixels½ �ð Þ
Thus, a FOVof 200� 200 mm2 and a matrix size of 512 � 512 pixels
can display a maximum spatial frequency of ρmax = 12.8 line pairs (lp)/
cm. The ρ10 value represents an approximate measure for the maximum
spatial frequency achieved by the reconstruction kernel and is defined as
the frequency at which themodulation transfer function (MTF) value drops
to 10% of its value at ρ = 0 lp/cm.15 Table 1 lists the ρ10 values, FOVs, ma-
trix sizes, and the maximum spatial frequency ρmax that can be displayed
for a given FOV and matrix size. It should be noted that the matrix size
and FOV must be carefully adjusted, taking into account the ρ10 value
of the reconstruction kernel to achieve optimal image quality.

In general, ρmax should not be considerably lower than the ρ10
value of the reconstruction kernel. Otherwise, some spatial resolution
provided by the reconstruction kernel will be lost due to the limited
e Matrix, Pixels Maximum Image Resolution (ρmax), Lp/cm

512 � 512 12.8
512 � 512 12.8
512 � 512 12.8
512 � 512 12.8
512 � 512 12.8
1024 � 1024 25.6
1024 � 1024 25.6
1024 � 1024 34.1

sfer function (MTF) value drops to 10% of its value at ρ = 0 lp/cm. The maximum
en image matrix size and field of view.
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TABLE 2. Patient Demographics

Characteristic All Patients (n = 20)

Sex
Male 14 (70%)
Female 6 (30%)

Age, y 79 ± 10 (range, 63–92)
Body mass index, kg/m2 25.6 ± 4.3 (range, 17.6–33.3)
Blood pressure, mm Hg
Systolic 147 ± 28 (range, 107–206)
Diastolic 77 ± 13 (range, 48–100)

Heart rate during the scan, bpm 76 ± 11 (range, 59–95)
Coronary artery calcium score* † 479 (251–834)
Coronary artery calcium volume, mm3* † 453 (233–725)
Medical history
Hypertension 16/20 (80%)
Dyslipidemia 10/20 (50%)
Diabetes 4/20 (20%)
Smoking 10/20 (50%)
Chronic obstructive pulmonary disease 3/20 (15%)
Chronic kidney disease 6/20 (30%)

Unless otherwise specified, data are mean ± standard deviation.

*Coronary artery calcium score and volume were determined using the true
noncontrast scans.

†Data are medians, with interquartile ranges in parentheses.

N, number of patients, bpm = beats per minute.
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resolution capabilities of the reconstructed images. Thus, FOVandmatrix
size were chosen so that ρmax was superior to ρ10 (see Table 1). Only for
the sharpest Bv89 kernel, ρmax was slightly lower than the ρ10 value, due
to the limitation of a maximum matrix size of 1024 � 1024 pixels.

Quantitative Analysis

Phantom
The NPS was calculated for every reconstruction kernel listed

previously by placing quadratic regions of interest (ROIs) in the ho-
mogenous center of the water phantom. One-dimensional NPS pro-
files were computed by the radial average of the 2-dimensional NPS
curves. The maximum spatial frequencies of the NPS (fpeak) were ex-
tracted to compare the noise textures of the 8 reconstruction kernels.
To reduce the complexity of the analysis, a FOVof 150 � 150 mm2

and a matrix size of 1024 � 1024 pixels were used for all reconstruc-
tions. This is justified by the fact that with these settings ρmax was su-
perior to the ρ10 value for all reconstruction kernels assessed, except for
the Bv89 kernel. Measurements were performed with an open-source
software (ImQuest Version 7; Duke University).

Patients
Image noise, signal-to-noise ratio (SNR), and contrast-to-noise

ratio (CNR) were measured by one reader V.M., resident, 3 years of expe-
rience in cardiovascular imaging. Regions of interest were placed in the
aortic lumen at the level of the origin of the left main coronary artery
and in the epicardial adipose tissue (EAT). Both ROIs were placed on
the same image slice and chosen as large as possible, while carefully
avoiding adjacent structures. Regions of interest were copied to all recon-
structions using the copy-paste function. Image noise was defined as the
standard deviation of attenuation measured in the ROIs placed in the as-
cending aorta. Signal-to-noise ratio and CNR were calculated as follows:

SNR ¼ HUAorta

SDAorta
and CNR ¼ HUAorta−HUEAT

SDAorta

HUAorta and SDAorta refer to the attenuation and the standard deviation
of attenuation in the ROI placed in the ascending aorta, respectively.
HUEAT refers to the attenuation of the ROI placed in the EAT.

Furthermore, objective measurements of vessel sharpness and
blooming artifacts were computed. For vessel sharpness, 1 reader T.S.,
MD-PhD student generated line profiles perpendicular to the left anterior
descending artery using the “line profile” function of the open-source
software FIJI15,23 in the first 12 patients of the study. Maximum slopes
of the regression lines for the anterior and posterior vessel border were
calculated and averaged by computing the derivative of the line profile
function using a custom in-house developed R script. This value served
as a parameter for image sharpness at the vessel borders (Supplementary
Fig. 1, http://links.lww.com/RLI/A724). Blooming artifacts of calcified
plaques were quantified applying a previously described method.17 In
brief, 1 reader V.M. selected 1 calcified plaque and performed linear mea-
surements of the maximal external plaque diameter and internal lumen
diameter on long axis views using manual double-oblique reconstruc-
tions (Supplementary Fig. 2, http://links.lww.com/RLI/A725). Window
level corresponded to the attenuation measured in the aortic lumen at
the level of the origin of the left main coronary artery, and window width
was obtained by multiplying the window level by 2.5. Blooming artifacts
were subsequently approximated using the following formula:

Blooming artifact ¼ External calcified plaque diameter−Lumen diameter

External calcified plaque diameter
� 100

Qualitative Analysis
Subjective image quality in the patients was assessed in a side-

by-side comparison by 2 other, independent readers (reader 1: M.E.,
782 www.investigativeradiology.com
board-certified radiologist, 9 years of experience in cardiovascular
imaging, and reader 2: H.A., board-certified radiologist, 15 years of
experience in cardiovascular imaging). Readers were blinded to the ker-
nel, FOV, and matrix sizes. Images were initially presented at predefined
window settings (width, 1000 HU; level, 250 HU), and manual adjust-
ments at the discretion of the readers were allowed.

Subjective image noise and delineation of coronary artery
plaques and adjacent vessel lumen were analyzed using 5-point discrete
visual scales each.

Subjective image noise was evaluated as follows: score 5 = no
pixilation; 4 = minor pixilation not affecting diagnostic confidence;
3 = moderate pixilation mildly limiting diagnostic confidence; 2 = ele-
vated pixilation reducing diagnostic confidence; and score 1 = major
pixilation with poor diagnostic confidence.

Coronary artery plaques and adjacent vessel lumen were ana-
lyzed as previously shown17: score 5 = excellent visualization of the
plaques with no perceivable blooming and precise visualization of the
adjacent coronary vessel lumen; 4 = good and above average plaque
and vessel lumen visualization; 3 = acceptable plaque and vessel lumen
visualization; 2 = suboptimal; and score 1 = unacceptable plaque and
vessel lumen visualization.

Statistical Analysis
Analyses were performed using R statistical software (R, version

4.1.1; R Foundation for Statistical Computing, Vienna, Austria, https://
www.R-project.org/). Categorical variables are presented as count and
percentages. The Shapiro-Wilk test was used to test continuous vari-
ables for normal distribution. Quantitative variables were expressed as
mean ± standard deviation when normally distributed and as median
and interquartile range (IQR) when nonnormally distributed. Friedman
test was used to check for quantitative differences between the reconstruc-
tions. Interreader agreement for the subjective image evaluation was
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 1. Curves depict the normalized noise power spectrum (NPS) for the different kernels assessed in the phantom scan. Note the gradual shift
toward higher peak spatial frequencies for reconstructions with the Bv40, Bv44, Bv56, Bv60, and Bv64 kernel. For reconstructions with the Bv72, Bv80,
and Bv89 kernel, quantum iterative reconstruction (QIR) algorithm has a pronounced effect on noise reduction in the high frequency range seen, which
manifests as a strong drop toward higher frequencies.

Investigative Radiology • Volume 57, Number 12, December 2022 Ultra-High-Resolution Coronary CT Angiography
quantified with the Krippendorff α coefficients (0, no agreement; 1,
perfect agreement). Friedman tests and Wilcoxon signed rank post
hoc tests were used to assess differences in the subjective analyses.
The Benjamini-Hochberg procedure was used to adjust P values for
multiple comparisons. A two-tailed P value below 0.05 was consid-
ered to indicate statistical significance.

RESULTS
Twenty-two eligible patients who underwent ultra-high-

resolution CCTAwere identified. Two patients with aortocoronary by-
pass grafts were excluded. Thus, 20 patients (6 women, 14 men; mean
age, 79 ± 10 years; mean body mass index, 25.6 ± 4.3 kg/m2) were fi-
nally included in this study (Table 2). Median coronary artery calcium
score was 479 (interquartile range, 251–834). One patient had atrial
fibrillation during scan acquisition, whereas all other patients were
in sinus rhythm. Mean heart rate during data acquisition was
76 ± 11 beats per minute. Ultra-high-resolution CCTA was feasible
in all patients. Mean scan time was 8.9 ± 2.0 seconds; the mean
CTDIvol was 38.2 ± 11.1 mGy.

Quantitative Analysis

Phantom
Figure 1 shows the NPS curves of all reconstruction kernels used

in this study. The maximum frequency of the NPS (fpeak) gradually
shifted to higher values for reconstructions with the Bv40 up to
the Bv64 kernel, that is, 0.15, 0.18, 0.23, 0.35, and 0.56 mm−1
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
for reconstructions with the Bv40, Bv44, Bv56, Bv60, and Bv64
kernel, respectively. There was no further shift of fpeak toward higher
frequencies for the Bv72, Bv80 and Bv89 kernels (fpeak 0.18, 0.25,
0.41 mm−1, respectively).
Patients
Reconstructions with the Bv40 kernel and slice thickness of

0.6 mm showed higher SNR (27.4 ± 5.6 vs 18.7 ± 3.8) and CNR
(32.9 ± 6.6 vs 22.5 ± 4.5), lower image noise (17.1 ± 2.2 HU vs
25.2 ± 3.3 HU), lower vessel sharpness (477.1 ± 73.6 ΔHU/mm vs
489.7 ± 76.4 ΔHU/mm), and larger blooming artifacts (55.2% ± 9.8%
vs 52.8% ± 9.2%) as compared with the Bv40 kernel and slice thickness
of 0.2 mm (Fig. 2, Table 3).

Considering reconstructions with a slice thickness of 0.2 mm,
image noise, SNR, CNR, vessel sharpness, and blooming artifacts sig-
nificantly differed across all kernels (for all, P < 0.001). With higher
kernel sharpness, SNR and CNR continuously diminished, whereas im-
age noise and vessel sharpness augmented. Reconstructions with the
Bv40 kernel had the lowest image noise (25.2 ± 3.3 HU), highest
SNR (18.7 ± 3.8), and highest CNR (22.5 ± 4.5) but were associated
with the lowest vessel sharpness (489.7 ± 76.4 ΔHU/mm). At the other
extreme, reconstructions with the Bv89 kernel showed the highest ves-
sel sharpness (2383.4 ± 787.1 ΔHU/mm) and had the highest image
noise (188.8 ± 15.1 HU), lowest SNR (2.4 ± 0.4), and lowest CNR
(3.0 ± 0.4). Blooming artifacts continuously decreased from reconstruc-
tions with the Bv40 kernel (52.8% ± 9.2%) to those with the Bv72
www.investigativeradiology.com 783
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FIGURE 2. Boxplots showing measurements of the image noise, signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), vessel sharpness, and
blooming artifacts of ultra-high-resolution CCTA (slice thickness, 0.2 mm) with PCD-CT in patients. Horizontal lines in the boxes correspond to the
median. The top and bottom lines of the boxes correspond to the first and third quartiles, respectively. Thewhiskers show lowest and highest values within
1.5 interquartile range (IQR) of the lower and upper limits. Circles show outliers.
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TABLE 3. Quantitative Results of Patient Scans

Kernel and Slice Thickness

Bv40
0.6 mm

Bv40
0.2 mm

Bv44
0.2 mm

Bv56
0.2 mm

Bv60
0.2 mm

Bv64
0.2 mm

Bv72
0.2 mm

Bv80
0.2 mm

Bv89
0.2 mm

Image noise, HU 17.1 ± 2.2 25.2 ± 3.3 31.5 ± 4.2 46.0 ± 6.2 60.7 ± 8.5 70.6 ± 9.9 84.2 ± 10.2 148.7 ± 14.5 188.8 ± 15.1
SNR 27.4 ± 5.6 18.7 ± 3.8 14.9 ± 3.0 10.4 ± 2.2 7.9 ± 1.7 6.7 ± 1.5 5.6 ± 1.1 3.1 ± 0.6 2.4 ± 0.4
CNR 32.9 ± 6.6 22.5 ± 4.5 17.9 ± 3.6 12.5 ± 2.6 9.4 ± 2.0 8.1 ± 1.8 6.7 ± 1.3 3.8 ± 0.7 3.0 ± 0.4
Vessel sharpness,
ΔHU/mm

477.1 ± 73.6 489.7 ± 76.4 528.6 ± 78.8 613.2 ± 125.3 651.2 ± 148.3 665.0 ± 152.6 1124.1 ± 370.3 1424.5 ± 408.4 2383.4 ± 787.1

Blooming
artifact, %

55.2 ± 9.8 52.8 ± 9.2 50.8 ± 9.4 46.6 ± 9.8 45.1 ± 9.7 43.2 ± 9.2 39.7 ± 9.1 40.8 ± 8.4 40.4 ± 7.9

Data are mean ± standard deviation.

SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; HU, Hounsfield units.
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kernel (39.7% ± 9.1%) but did not further improve using the Bv80
(40.8% ± 8.4%) or Bv89 kernel (40.4% ± 7.9%) (Supplementary
Table 1, http://links.lww.com/RLI/A726).

Qualitative Analysis
Interreader agreement was nearly perfect for image noise

(α = 0.88) and for delineation of coronary artery plaques and adjacent
vessel lumen (α = 0.82). Detailed results of the subjective image quality
readings are provided in Table 4.

Image noise was rated best by both readers for reconstructions
with the Bv40 kernel and a slice thickness of 0.6 mm and 0.2 mm,
respectively (both, 5, IQR 5–5). There were no significant differ-
ences between reconstructions with Bv40 (slice thickness, 0.6 mm
and 0.2 mm, respectively) and Bv44 kernel (slice thickness, 0.2 mm;
5, IQR 5–5; for reader 1 and 5, IQR 4–5; for reader 2, all P's = 0.15)
for both readers. Moreover, image noise did not significantly differ be-
tween reconstructions with Bv56 (4, IQR 4–4) and Bv60 (4, IQR 4–4;
P = 0.08) for reader 1, and between Bv44 (5, IQR 4–5) and Bv56 (5,
IQR 4–5; P = 0.14) as well as Bv60 (4, IQR 4–4) and Bv64 (4, IQR
3–4; P = 0.08) for reader 2.

For delineation of coronary artery plaques and adjacent vessel
lumen, highest scoreswere given for reconstructions with the Bv64 ker-
nel (score 5 indicating excellent quality, IQR 5–5) for reader 1 and with
the Bv72 kernel (5, IQR 5–5) for reader 2. There were no significant
differences to the reconstructions with the Bv60 (5, IQR 5–5;
P = 0.39) and Bv72 kernel (5, IQR 4–5; P = 0.21) for reader 1 and with
the Bv60 (4, IQR 4–5; P = 0.33) and Bv64 kernel (5, IQR 5–5;
P = 0.78) for reader 2.

Representative examples of ultra-high-resolution CCTA im-
ages reconstructed with different kernels, FOV, and matrix sizes
TABLE 4. Qualitative Results of Patient Scans

Bv40
0.6 mm

Bv40
0.2 mm

Bv44
0.2 mm

Noise Reader 1 5 (5–5) 5 (5–5) 5 (5–5)
Reader 2 5 (5–5) 5 (5–5) 5 (4–5)

Plaque and
vessel delineation

Reader 1 3 (2–3) 3 (3–3) 4 (4–4)
Reader 2 3 (2–3) 3 (3–4) 4 (3–4)

Data are presented as median qualitative image analysis scores; data in parentheses

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
showing vessel segments with calcified coronary plaques are provided
in Figures 3 to 5.
DISCUSSION
Delineation of small vessel lumen with CT may be hampered by

the presence of extensive vessel wall calcifications due to calcium
blooming. The recently introduced PCD-CT enables the acquisition of
ultra-high-resolution images with a maximum in-plane resolution of
0.11 � 0.11 mm2 and a maximum through-plane resolution of
0.16 mm. This study evaluated the quality of CCTA images acquired
with this ultra-high-resolution scan mode including an analysis of the
optimal reconstruction kernel, FOV, and matrix size in patients with a
high coronary calcium load.

In patients, ultra-high-resolution CCTA was feasible and pro-
vided high-quality images of the coronary artery tree. Although recon-
structions with the Bv40 kernel and a slice thickness of 0.6 mm showed
highest SNR and CNR, as well as lowest image noise, vessel sharpness,
and blooming artifacts were worst. Using a slice thickness of 0.2 mm,
reconstructions with the Bv89 kernel achieved highest vessel sharpness
but were outperformed by reconstructions with the Bv72 kernel consid-
ering blooming artifacts. Subjective noise was perceived by both
readers in agreement with the objective measurements. Coronary artery
plaques and the adjacent vessel lumen could be visualized with excel-
lent quality when using reconstructions with a higher kernel strength
(Bv64 and Bv72) and when using an appropriate FOVand matrix size.

Noise texture characterization with the phantom revealed a grad-
ual shift to higher spatial frequencies for reconstructions with the Bv40
kernel up to the Bv64 kernel. The peak value of the NPS is related to the
dominant frequency in image noise, and therefore image noise texture
gets finer as the kernel sharpness is increased. However, for the
Kernel and Slice Thickness

Bv56
0.2 mm

Bv60
0.2 mm

Bv64
0.2 mm

Bv72
0.2 mm

Bv80
0.2 mm

Bv89
0.2 mm

4 (4–4) 4 (4–4) 4 (3–4) 3 (3–3) 2 (2–3) 2 (2–2)
5 (4–5) 4 (4–4) 4 (3–4) 3 (3–4) 3 (3–3) 2 (2–3)
5 (4–5) 5 (5–5) 5 (5–5) 5 (4–5) 4 (3–4) 3 (3–3)
4 (4–5) 4 (4–5) 5 (5–5) 5 (5–5) 4 (4–4) 4 (3–4)

are interquartile range.
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FIGURE 3. Cinematic rendering (A) and curved planar reformations (B) from ultra-high-resolution CCTA (slice thickness, 0.2mm)with PCD-CT of the left
anterior descending artery reconstructed with 8 different kernels in an 88-year-old male patient with severe aortic stenosis. Note the excellent
visualization of small second-order coronary vessels across all reconstructions.
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reconstructions with the Bv72, Bv80, and Bv89 kernel, spatial frequency
peaked around medium values (ie, 0.18 mm−1 for the Bv72 kernel,
0.25 mm−1 for the Bv80 kernel, and 0.41 mm−1 for the Bv89 kernel) and
showed a drop toward higher frequencies, which translates into a coarser
noise texture observed in the reconstructions of the patient scans with the
FIGURE 4. Axial images from ultra-high-resolution CCTA (slice thickness, 0.2m
A mixed plaque at the distal left main to proximal left anterior descending art
partially calcified plaque at higher kernel strengths showing considerably supe
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Bv72, Bv80, and Bv89 kernel, respectively. This strong drop is best ex-
plained by a pronounced effect of the applied iterative reconstruction algo-
rithm at a strength level of 4 on noise reduction in the high frequency range.21

In our patient study, reconstructions with the Bv64 and Bv72
kernel provided an excellent anatomic visualization of plaques and
m)with PCD-CT in an 88-year-oldmale patient with severe aortic stenosis.
ery is seen. Note the continuous improvement of the delineation of the
rior anatomic detail of the small plaque.

© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 5. Axial images from ultra-high-resolution CCTA (slice thickness, 0.2mm)with PCD-CT of the left main and the proximal left anterior descending
artery. Although borders of calcified plaques have a blurry appearance on reconstructions with low kernel strengths, reconstructions with moderate
kernel strengths (eg, Bv64) enable an excellent delineation of calcified plaques and adjacent vessel lumen before increased image noise on reconstructions
with high kernel strengths (eg, Bv89) hampers vessel lumen visualization.

Investigative Radiology • Volume 57, Number 12, December 2022 Ultra-High-Resolution Coronary CT Angiography
the adjacent vessel lumen with no perceived blooming. These findings
are consistent with our results of blooming artifact quantification, yield-
ing least blooming artifacts on reconstructions with the Bv72 kernel.
Such detailed anatomic information might be clinically relevant, be-
cause there is currently great interest in the visualization of noncalcified
and partially calcified coronary plaques, as these plaque types have
been repetitively associated with future adverse coronary events.24

Ultra-high-resolution CCTA with PCD-CT enabled a remarkably pre-
cise characterization of partially calcified plaques discerning
noncalcified and calcified parts, potentially improving the identifica-
tion of plaques prone to rupture.

Ultra-high-resolution CCTAs were acquired in dual-source heli-
cal mode with retrospective ECG-gating and a collimation of
120� 0.2 mm resulting in a total z-coverage of 24 mm. This scan range
resulted in an average scan acquisition time for CCTA of 8.9 ± 2.0 sec-
onds in our patients, which is slightly longer than the acquisition time
using a “standard” CCTA protocol without ultra-high-resolution. Still,
all patients managed to comply with the required breath-hold time. An-
other issue is related to the type of ECG-gating. In this study including
patients undergoing CT for planning transcatheter aortic valve replace-
ment, a retrospectively ECG-gated dual-source spiral modewith a fixed
ECG-pulsing window was used as recommended,25 which explains our
relatively high radiation dose (CTDIvol 38.2 ± 11.1 mGy). It is impor-
tant to note that variable ECG-pulsing window settings and a sequen-
tial, prospective ECG-gated data acquisition are feasible with the
ultra-high-resolution mode as well, and are the standard for CCTA to
rule out coronary artery disease in patients with chronic coronary artery
syndrome in our department.

Recently, Si-Mohamed et al17 reported the image quality of
CCTA applying the ultra-high-resolution parameters with a prototype
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
PCD-CT in 14 patients, as compared with high-resolution EID-CT
scans. In that study, PCD-CToutperformed EID-CTwith regard to over-
all image quality and to the delineation of coronary calcifications,
stents, and noncalcified plaques. These findings were supported by an
increased detectability index for coronary lumen and noncalcified
plaques in a phantom study.17 In their study, high-resolution CCTA
with the prototype PCD-CT was acquired using a collimation of
64 � 0.275 mm, and images were reconstructed with a section thick-
ness and increment of 0.25 mm and 0.25 mm, respectively. The clin-
ical PCD-CTused in our study offers superior scan and reconstruction
capabilities, characterized by a collimation of 120 � 0.2 mm and a
slice thickness of 0.2 mm.

It is important to note that no spectral information is available in
the current ultra-high-resolution mode of PCD-CT,20 whereas if CCTA
is acquired with a “standard” collimation of 144� 0.4 mm, the inherent
spectral capabilities of PCD-CT allow for the application of various,
dual-energy–based postprocessing algorithms. For example, when lu-
men visualization is of particular interest, blooming artifacts can be re-
duced by a dual-energy-based subtraction of calcified plaques
(PureLumen26) or reconstructing virtual monoenergetic images at high
energy levels.

The following study limitations merit consideration. First, patient
size was limited in this single-center study. Second, accuracy of stenosis
grading and plaque characterizationwith ultra-high-resolution CCTAwas
not compared with invasive catheter coronary angiography and optical
coherence tomography as the standards of reference, respectively. How-
ever, we believe that the first step in evaluating a new technique must
be to define the image quality and optimal reconstruction parameters be-
fore analyses of accuracy and impact on therapy and management will be
conducted. Finally, ultra-high-resolution CCTA with PCD-CT was not
www.investigativeradiology.com 787
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benchmarked to CCTA obtained with conventional EID-CT, as it is diffi-
cult to justify repeated CCTA on two different scanners in patients in a
short time interval.

In conclusion, ultra-high-resolution CCTA is feasible with
PCD-CT and enables the visualization of calcified coronaries with an
excellent spatial resolution using dedicated sharp vascular kernels. Cor-
onary plaque characterization and delineation of the adjacent vessel lu-
men is possible with an optimal quality using Bv64 kernel, a FOV of
200 � 200 mm2, and a matrix size of 512 � 512 pixels.
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