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Zusammenfassung

1 Zusammenfassung

Erkrankungen des Herzens wie die koronare Herzkrankheit (KHK) treten in unserer
Gesellschaft zahlreich auf und gelten derzeit als haufigste Todesursache (1). Daher ist es von
Bedeutung, eine moglichst genaue medizinische Diagnostik, Einordnung und daraus

resultierende Therapiemoglichkeiten fir Patienten anbieten zu kénnen.

Die koronare CT-Angiografie (engl. ,Coronary CT Angiography“ (CCTA)) stellt dafiir eine der
am haufigsten angewandten klinischen Methoden zur Abklarung der stabilen KHK dar (2, 3).
Als eine nicht-invasive Methode der Bildgebung ermdglicht die CCTA die Identifizierung
chronischer Koronarerkrankungen ohne die Risiken einer invasiven Koronarangiografie (engl.
,invasive Coronary Angiography“ (ICA)). Dies macht sie zu einer sichereren Option fur die
Herz-Diagnostik, und sie wurde auch bei Verdacht auf eine chronische KHK in den
Leistungskatalog der gesetzlichen Krankenkassen im Jahr 2024 aufgenommen. Die
Leistungsfahigkeit der CCTA ist aber dabei von unterschiedlichen Untersuchungsmethoden

und Einstellungen des CT-Gerates abhangig.

Mit der Photon-Counting Detektor-Computertomografie (PCD-CT) ist eine fortschrittliche CT-
Technologie seit 2021 in der klinischen Routine verfugbar. Im Gegensatz zur konventionellen
Energie-Integrierenden Detektor-Computertomografie (EID-CT) ermoglicht die PCD-CT eine
direkte Umwandlung von Réntgenquanten in elektrische Signale durch Semikonduktoren.
Diese innovative Methode bietet eine hohere raumliche Auflésung, ein reduziertes
Bildrauschen und durchgéngig verfligbare spektrale Bildinformationen (4-6). Die verbesserte
Bildqualitat erhoht selbst bei starker Verkalkung die Erkennbarkeit des Koronarlumens und
ermdglicht eine prazisere Analyse der Plaquezusammensetzung (7-10). Die durch die PCD-
CT bereitgestellten zusatzlichen Informationen kénnten mdéglicherweise die Charakterisierung
der Koronararteriensklerose verbessern, was zu praziseren Diagnosen und differenzierteren

Therapieempfehlungen fur Patienten fihrt.

Die zentrale Fragestellung dieser Dissertation lautet, ob die neuartige PCD-CT eine
verbesserte Evaluation und Quantifizierung von kardialen Strukturen ermdglicht. Dies wurde
in unterschiedlichen praklinischen und klinischen Experimenten mit verschiedenen Herz-

Untersuchungsmethoden validiert.

1.1 Kalzium-Score

Eine wertvolle Methode, um das Vorhandensein und das Ausmaf von Verkalkungen in den
Koronararterien initial zu bewerten, ist die Bestimmung des Kalzium-Scores (11). Die
Ermittlung des Kalzium-Scores erfolgt iber einen EKG-gesteuerten, kontrastmittelfreien Herz-
CT-Scan. Dabei wird sowohl die Flache als auch die Dichte der nachgewiesenen

Verkalkungen bertcksichtigt. Der Kalzium-Score dient als zuverlassiger Pradiktor fir mogliche
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unerwinschte kardiale Ereignisse und wird deshalb genutzt, um das Risiko flr Herz-Kreislauf-
Erkrankungen einzustufen (12-14). Internationale Leitlinien empfehlen diese Methode als
sinnvolle MaRRnahme, um das individuelle Risiko besser einzuordnen und dadurch eine

verbesserte Therapiemdglichkeit flr Patienten durchzufiihren (15).

In der Publikation 2.1: ,Intra-individual comparison of coronary calcium scoring between
photon counting detector- and energy integrating detector-CT: Effects on risk reclassification”
wurde in einem intraindividuellen Vergleich der Kalzium-Score und das Kalzium-Volumen
zwischen der PCD- und der EID-CT untersucht. Das Kalzium-Volumen wurde mit den
physikalischen Volumenangaben (98,2 mm?®, 21,2 mm?® und 0,8 mm?®) des Herstellers jeweils
verglichen. Fir diese Fragestellung wurde ein Phantom (in vitro) mit einer standardmafigen
Kalzium-Score CT-Untersuchungstechnik (120 kVp, Schichtdicke/Schichtabstand 3/1,5 mm,
Qr36 kernel) mit beiden CT-Geraten gescannt. Die CT-Aufnahmen wurden fiir die EID-CT mit
gefilterter Ruckprojektion und fir die PCD-CT mit einem monoenergetischen Level von 70 keV
und dem ausgeschalteten Quantum lterative Reconstruction (QIR) off rekonstruiert. Damit
wurden mdglichst vergleichbare Einstellungen zwischen den beiden CT-Geraten hergestellt.
Dieselben CT-Einstellungen sind in einer prospektiven Studienkohorte (in vivo) mit insgesamt
23 Patienten verwendet worden. Die Studie wurde von der lokalen Ethikkommission (Health
Insurance Portability and Accountability Act—compliant) genehmigt, und alle Patienten gaben
eine schriftliche Einverstandniserklarung ab. Diese Patienten erhielten als erstes einen EID-
CT-Scan und im Median 55 (3,0 — 12,5) Tage spater einen PCD-CT-Scan. Eine
Regressionsformel wurde aus dem in vitro und in vivo Kalzium-Score Vergleich ermittelt, bei
der die EID-CT als Kklinischer Referenzstandard zu der PCD-CT angesehen wurde.
AnschlieRend wurde diese Formel auf 514 Patienten retrospektiv angewendet, die zwischen
Januar und Dezember 2021 einen EID-CT Herz-Scan erhielten. Dadurch wurden sie in eine
Risikoklassifizierung eingestuft, als hatten sie sich einer PCD-CT Untersuchung unterzogen.
Zur Risikobewertung wurde die Rumberger-Klassifikation angewendet, um den Kalzium-Score
in die folgenden Kategorien zu unterteilen: 0, 1-10, 11-100, 101—400 und >400 (16).

In den Phantomexperimenten zeigten sich genauere Kalzium-Volumen Messungen fir die
PCD-CT verglichen mit der EID-CT (Uberschéatzung der Referenzwerte des Herstellers: PCD-
CT: 66,1 £ 1,6% vs. EID-CT: 77,2 + 0,5%). Kalzium-Scoreepp-cr und Kalzium-Scorepco-ct
lieferten sowohl in vitro (r = 0,99, Intraclass Correlation Coefficient (ICC) = 0,99) als auch in
vivo (r = 0,94, ICC = 0,99) eine starke Korrelation zueinander. Dennoch erreichte Kalzium-
Scorepco.cr signifikant niedrigere Ergebnisse in vitro (Kalzium-Scorepcp-ct: 60,5 (30,2 — 170,3)
vs. Kalzium-Scoregp-ct: 74,7 (34,6 — 180,8), p = 0,0015) und nicht-signifikant in vivo (Kalzium-
Scorepcpcrt: 174,3 (11,1 — 872,7) vs. Kalzium-Scoreep-ct: 218,2 (18,5 — 876,4), p = 0,10).
Durch die stetig niedrigeren Kalzium-Scorepcp.ct Werte wurden in der simulierten

Patientenkohorte 5,25% der Patienten in eine neue, niedrigere Risikoklasse reklassifiziert.
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Zusammenfassend korrelierte der Kalzium-Scorepcp.ct sehr stark mit dem Kalzium-Scoregp-
ct. Zudem erzielte die PCD-CT niedrigere Werte fir den Kalzium-Score und das Kalzium-

Volumen, was eine mogliche genauere Quantifizierung verglichen mit der EID-CT darstellt.

1.2 Stenosequantifizierung

Neben dem Kalzium-Score ist eine genaue CT-basierte Quantifizierung des Stenosegrades
und die Ermittlung der prozentualen Diameterstenose (PDS) der Koronararterie von grof3er
Bedeutung. Der PDS-Wert wird dabei auf Hohe der Stenose durch das Verhaltnis aus
verbleibendem GefalRdiameter zum mittleren KoronargefaRdurchmesser bestimmt. Die
Bestimmung der PDS-Werte erfolgt nach der gleichen Methode wie die Messung des
Stenosegrades im Herzkatheterlabor und wird daher auch in den Society of Cardiovascular
Computed Tomography-Richtlinien empfohlen (17). Dies stellt die Voraussetzung zur
Risikobewertung der KHK und der daraus resultierenden Therapieempfehlung dar (18, 19).
Ein Nachteil der konventionellen CT-Bildgebung ist aber die Uberschatzung des
Stenosegrades im Vergleich zur ICA, insbesondere beim Vorliegen vieler Kalzifikationen der
Koronararterien (20). Diese Uberbewertung wird vorwiegend durch Kalzium-Blooming-
Artefakte hervorgerufen (4). Aufgrund dieser Uberbewertung besteht das Risiko, dass an
Patienten, die eigentlich keine klinisch relevante Stenose aufweisen, dennoch ICA-

Untersuchungen durchgefiihrt werden (21).

Die Publikation 2.2: ,Intra-individual comparison of coronary artery stenosis measurements
between energy-integrating detector CT and photon-counting detector CT” erértert, inwiefern
die PCD-CT verglichen mit der EID-CT die Stenosequantifizierung beeinflusst. Fur diese
Fragestellung sind CCTA-Aufnahmen mit der PCD- und der EID-CT in einer prospektiven
Studienkohorte mit 23 Patienten, genehmigt durch die lokale Ethikkommission, angefertigt
worden. Die CCTA-Aufnahmen wurden vergleichbar zueinander rekonstruiert (EID-CT: Bv36
kernel, 110 kVp, Schichtdicke 0,5 mm, Admire 3, PCD-CT: Bv36 kernel, 120 kVp, Schichtdicke
0,6 mm, QIR 3, 55keV). Fur alle Scans wurde ein prospektiv getriggertes sequentielles
Herzprotokoll im sogenannten ,Step & Shoot“-Modus mit EKG-Triggerung verwendet. Aus den
Patientenuntersuchungen wurden 42 kalzifizierte Plaques fir die weitere Analyse identifiziert.
Zwei Beurteiler bewerteten diese Plaques hinsichtlich ihres PDS-Wertes und der daraus
resultierenden Coronary Artery Disease Reporting and Data System (CAD-RADS) — 2.0
Klassifizierung (18).

Die PCD-CT lieferte im Median niedrigere PDS-Ergebnisse verglichen mit der EID-CT (PDSkgp.
ct: 45,1% (35,1% — 64,0%) vs. PDSpcp-ct: 44,2% (32,4% — 61,0%), p < 0,0001). Trotzdem
korrelierten die beiden Messungen sehr stark (ICC = 0,99) miteinander. Durch die tendenziell
niedrigeren PDS-Werte in der PCD-CT ergab sich ein intraindividueller Messunterschied von

1,8% zwischen den beiden CT-Scannern. Daraus folgte in einer pro-Patienten-Analyse eine
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Re-Klassifizierung in 3/23 Patienten (13,0% neue, niedrigere Klasse) fur den ersten Beurteiler
und in 4/23 Patienten (13,0% neue, niedrigere und 4,4% neue, héhere Klasse) fur den zweiten
Beurteiler. Die beiden Beurteiler erzielten eine hohe Ubereinstimmung in der PDS-
Quantifizierung (ICC = 0,98).

Grundsatzlich zeigte sich bei vergleichbarer Rekonstruktion eine hohe Korrelation in der
Stenosequantifizierung zwischen der PCD- und der EID-CT. Dadurch ist die neuartige PCD-
CT der EID-CT als gleichwertig anzusehen und fir die klinische Routine anwendbar. Mit der
PCD-CT wurden tendenziell kleinere Stenosewerte gemessen, was letztendlich zu einer Re-
Risikoklassifizierung und entsprechenden Empfehlungen fir das folgende diagnostische und

therapeutische Management von 17,4% der Patienten flhrte.

Dies allein wirde aber nicht die gegenwartigen Limitationen der EID-CT Technologie
uberwinden. Eine PCD-CT spezifische Mdaglichkeit, um die Genauigkeit der CCTA zu
verbessern, besteht darin, Virtual Monoenergetic Images (VMI) bei hohen Energiestufen zu
rekonstruieren (22, 23). Dadurch kénnen die Bildeffekte des Kalzium-Bloomings minimiert und
die Genauigkeit der Stenosebestimmung erhéht werden. Die genaue PDS-Bestimmung durch
die CCTA ist entscheidend, da die Schwere der Stenose in Kombination mit dem Kalzium-

Score eine wichtige Grundlage fir die klinische Entscheidungsfindung bietet.

Das Ziel der Publikation 2.3: ,Photon-Counting Detector CT Virtual Monoenergetic Images for
Coronary Artery Stenosis Quantification: Phantom and In Vivo Evaluation” besteht darin, die
Auswirkungen verschiedener VMI Level auf die Genauigkeit von CCTA-Stenosemessungen
mittels der PCD-CT zu untersuchen. Dies wurde sowohl anhand eines dynamischen Phantoms

als auch an einer Patientengruppe mit ICA durchgefihrt.

An dem dynamischen Phantom, welches eine 25% und eine 50% kalzifizierte Stenose
aufweist, erfolgten PCD-CT-Aufnahmen (120 kvP, QIR 3, Qr40, Schichtdicke 0,4 mm), sowohl
ohne als auch mit simulierten Herzbewegungen (0, 50, 60, 70 und 80 Schlage/min). Alle
Aufnahmen wurden mit prospektiver EKG-Triggerung bei 30% bis 80% des R-R Intervalls
durchgefuhrt. Die CT-Scans wurden in 9 verschiedenen VMI-Stufen (40 — 140 keV)
rekonstruiert. Zusatzlich wurden 33 Patienten (7 weiblich, 26 mannlich; 71,3 + 9,0 Jahre) mit
64 Plaques (37 Kkalzifizierte, 18 gemischte und 9 nicht-kalzifizierte Plaques) in einer
retrospektiven Analyse identifiziert und unter identischen CT-Einstellungen rekonstruiert.
Diese Patienten unterzogen sich innerhalb ihrer medizinischen Behandlung im Anschluss an
die CCTA einer klinisch indizierten ICA. Die PDS-Werte wurden jeweils daraus ermittelt und
mit den Referenzwerten des Phantomherstellers bzw. mit den Quantitative Coronary
Angiography (QCA)-Messungen aus den ICAs in der Studienkohorte verglichen. Zusatzlich

wurden Bloomingartefakte in den kalzifizierten und gemischten Plaques bestimmt.
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In beiden Experimentteilen konnte gezeigt werden, dass sich mit steigendem VMI Level die
PDS- und Blooming-Werte kontinuierlich verringerten. Im Phantom lieferten 90 keV (bias,
1,4%) bei der 25% Stenose und 100 keV (bias, -0,4%) bei der 50% Stenose die geringsten
Abweichungen zu den Referenzwerten. In der Patientenkohorte ergaben sich die besten
Ubereinstimmungen der PDS-Werte mit den QCA-Messungen fiir kalzifizierte Plaques bei 100
keV (bias, 17,2%), fur gemischte Plaques bei 140 keV (bias, 5,0%) und fur nicht-kalzifizierte
Plaques bei 40 keV (bias, -0,5%).

Dadurch erschlief3t sich, dass VMI Level die Genauigkeit von PDS-Messungen in der PCD-CT
beeinflussen. Die Verwendung spezifischer VMI Level kann die PDS-Quantifizierung fur

verschiedene Plaquetypen verbessern.

1.3 Texturanalyse des Myokards

Auch die Generierung von Radiomics-Merkmalen stellt eine Mdoglichkeit dar, quantitative
Daten aus verschiedenen diagnostischen Verfahren zu gewinnen (24, 25). Ziel von Radiomics
ist es, mittels fortschrittlicher Algorithmen quantitative Merkmale, die flir das menschliche Auge
schwer zu identifizieren sind, aus medizinischen Bildern zu extrahieren und diese
anschlieBend zu charakterisieren. Diese Daten konnen genutzt werden, um die
Entscheidungsfindung im klinischen Alltag zu unterstitzen und zu verbessern. Es konnte
gezeigt werden, dass verschiedene VMI-Rekonstruktionen die Eigenschaften von Radiomics-
Merkmalen signifikant beeinflussen und dadurch die Reproduzierbarkeit der Radiomics-Daten

eingeschrankt wird (26).

In der Studie 2.4: ,Photon-counting detector CT-based virtual monoenergetic reconstructions:
repeatability and reproducibility of radiomics features of an organic phantom and human
myocardium” wurde der Einfluss verschiedener VMI Level auf die Stabilitdt von Radiomics-
Merkmalen in einem Phantom und einer Patientenkohorte untersucht. Das Phantom bestand
aus 12 Proben (4 Orangen, 4 Zwiebeln und 4 Apfeln) und wurde mit einer PCD-CT jeweils
funfmal gescannt (120 kvP, QIR 3, Qr36, Schichtdicke 0,6 mm). In der Studienkohorte wurden
23 Patienten eingeschlossen, die einen PCD-CT-Scan erhielten und mit denselben CT-
Einstellungen rekonstruiert worden sind. Zusatzlich wurden 6 verschiedene VMI Level (40, 55,
70, 90, 120 und 190 keV) verwendet. Das Phantom und das linksventrikulare Myokard (LVM)
der Patienten wurden fir alle Rekonstruktionen segmentiert. Daraus wurden schlief3lich 93
Radiomics-Merkmale extrahiert und hinsichtlich ihrer Wiederholbarkeit und Stabilitat zwischen

den unterschiedlichen VMI Leveln analysiert.

Die Radiomics-Merkmale zeigten in den 5 Phantomscans eine herausragende
Wiederholbarkeit (ICC = 1,00). Zwischen den verschiedenen VMI Leveln blieben einige
Radiomics-Merkmale unverandert (38,7% in Apfeln, 30,1% in Orangen und 35,5% in
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Zwiebeln). Fur das LVM zeigte sich eine Stabilitat der Merkmale bei hohen VMI Leveln = 90
keV (90 vs. 120 keV: 77,4%; 90 vs.190 keV: 83,9%; 120 vs. 190 keV: 89,3%). Hingegen bei
niedrigeren VMI Leveln resultierten weniger reproduzierbare Radiomics-Merkmale (40 vs. 55
keV: 8,6%).

Zusammenfassend zeigte sich, dass die Stabilitait der Radiomics-Merkmale in einem
organischen Phantom und im LVM der Patienten stark von den jeweiligen VMI Leveln abhangt.
Unterschiedliche spektrale Rekonstruktionen beeinflussen die Radiomics-Merkmale sowohl in
vitro als auch in vivo signifikant, was eine Standardisierung der Rekonstruktionsparameter vor

der klinischen Anwendung erforderlich macht.

Die PCD-CT ermdglicht eine signifikante Verbesserung der kardiovaskularen CT-Diagnostik
in verschiedenen Anwendungen. Dies dulert sich in einer praziseren Bewertung des Kalzium-
Scores und einer genaueren Quantifizierung von Stenosen im Vergleich zur konventionellen
EID-CT. Daruber hinaus haben unterschiedliche VMI Level sowohl Auswirkungen auf die
Genauigkeit der Stenosemessungen als auch auf die Reproduzierbarkeit von Radiomics-

Merkmalen.
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Purpose: To compare coronary artery calcium volume and score (CACS) between
photon-counting detector (PCD) and conventional energy integrating detector (EID)
computed tomography (CT) in a phantom and prospective patient study.

Methods: A commercially available CACS phantom was scanned with a standard
CACS protocol (120 kVp, slice thickness/increment 3/1.5 mm, and a quantitative
Qr36 kernel), with filtered back projection on the EID-CT, and with monoenergetic
reconstruction at 70 keV and quantum iterative reconstruction off on the PCD-
CT. The same settings were used to prospectively acquire data in patients (n = 23,
65 + 12.1 years), who underwent PCD- and EID-CT scans with a median of 5.5 (3.0—
12.5) days between the two scans in the period from August 2021 to March 2022.
CACS was quantified using a commercially available software solution. A regression
formula was obtained from the aforementioned comparison and applied to simulate
risk reclassification in a pre-existing cohort of 514 patients who underwent a cardiac
EID-CT between January and December 2021.

Results: Based on the phantom experiment, CACSpcp—_cT showed a more accurate
measurement of the reference CAC volumes (overestimation of physical volumes:
PCD-CT 66.1 + 16% vs. EID-CT: 77.2 £ 0.5%). CACSgp_cr and CACSpcp_cr
were strongly correlated, however, the latter measured significantly lower values
in the phantom (CACSpcp—_ct: 60.5 (30.2-170.3) vs CACSgip—cT 74.7 (34.6-180.8),
p = 0.0015, r = 0.99, mean bias —9.7, Limits of Agreement (LoA) —36.6/17.3) and
in patients (non-significant) (CACSpcp—ct: 174.3 (11.1-872.7) vs CACSgp—cT 218.2
(18.5-876.4), p = 0.10, r = 0.94, mean bias —41.1, LoA -315.3/232.5). The systematic
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lower measurements of Agatston score on PCD-CT system led to reclassification of
5.25% of our simulated patient cohort to a lower classification class.

Conclusion: CACSpcp-ct is feasible and correlates strongly with CACSgp-cr,
however, leads to lower CACS values. PCD-CT may provide results that are more
accurate for CACS than EID-CT.

KEYWORDS

coronary artery calcium scoring (CACS), coronary artery disease, photon-counting
detector computed tomography, risk stratification, energy-integrating detector computed

tomography

1. Introduction

Coronary artery calcium scoring (CACS) is an established
method to assess the presence and extent of coronary artery
calcifications (1). CACS is an integral part of several guidelines for
risk assessment of coronary artery disease (CAD) in asymptomatic
and symptomatic individuals (2, 3).

Recently, a first-generation dual-source photon-counting
detector (PCD) computed tomography (CT) with electrocardiogram
(ECG) gating capability became clinically available. Compared
to conventional energy-integrating detector (EID) CT, PCD-CT
directly converts x-ray photons into an electrical signal without a
conversion into light. This difference leads to potential advantages
of PCD-CT in relation to spatial resolution and image noise. As the
PCD-CT detector “counts” each individual photon in relation to its
energy, it is thus capable of providing spectral image information
for every acquired scan (4). CACS has been investigated in phantom
studies using PCD-CT against EID-CT, combining specific settings
of different slice thicknesses, quantum iterative reconstruction
(QIR) levels, and virtual monoenergetic image (VMI) reconstruction
levels (5, 6). However, to the best of our knowledge, no data exists
comparing intra-individual CACS between EID- and PCD-CT
in patients according to the Agatston standard. In addition, the
effect of PCD-CT-based CACS on reclassification rates for risk
prediction is unknown.

Hence, the aim of this study was to compare CACS between
PCD-CT and conventional EID-CT in a commercially available
phantom with known plaque volumes and calcium densities, as well
as in a prospective patient cohort. A further aim was to evaluate
the possible effects of PCD-CT-based CACS on reclassification of
cardiovascular risk.

2. Materials and methods

2.1. Phantom study

A commercially available chest phantom with a cardiac
calcification insert (Thorax & Cardiac Calcification Phantom, QRM,
Moechrendorf, Germany) was used as the ground truth for the in vitro
study. The phantom contains nine different cylinders with predefined
plaque diameter (small: 1 mm; medium: 3 mm; and large: 5 mm), each
with three different densities (low-density: 200 mg/cm®; medium-
density: 400 mg/cm®, and high-density: 800 mg/cm® calcium
hydroxyapatite). The thoracic phantom simulates a small-sized
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patient (anterior posterior and lateral diameter: 200 and 300 mm) and
was used without extension rings.

2.2. Phantom data acquisition

Phantom measurements were performed on both a conventional
EID-CT (SOMATOM Force, Siemens Healthineers, Forchheim,
Germany) and a PCD-CT system (NAEOTOM Alpha, Siemens
Healthineers). The PCD-CT contains two photon-counting cadmium
telluride (CdTe) detectors with 144 x 0.4 mm collimation on
each detector, allowing spectral CT data acquisition at a maximum
temporal resolution of 66 ms. The EID-CT is equipped with a
detector collimation of 192 x 0.6 mm. For both systems, tube
voltage was set to 120 kVp and volumetric CT Dose Index (CTDI,,;;)
was matched between the CT systems at 1.5 mGy. ECG signal
was simulated at 60 beats per minute and the examination was
triggered at the diastolic phase (75% of the cardiac cycle). To account
for variability of the different scans, phantom measurements were
repeated five times with a 2 mm shift and a 2° rotation (7).

A standard CACS CT protocol in sequential mode with a slice
thickness of 3 mm, increment of 1.5 mm and a quantitative kernel
(Qr36) was used on both systems. Images were reconstructed using
filtered back projection on the EID-CT. For the PCD-CT, CACS scans
were acquired according to a protocol suggested by the manufacturer
with a monoenergetic reconstruction at 70 keV and the lowest
available level of quantum iterative reconstruction (QIR off). Detailed
acquisition and reconstruction parameters are listed in Table 1.

2.3. Patient study

The protocol of this prospective, HIPAA-compliant, study was
approved by the local Institutional Review Board and written
informed consent was obtained from all subjects. All patients
underwent standard of care imaging on an EID-CT system, and an
additional research CT scan on a PCD-CT system between August
2021 and March 2022. The following inclusion criteria were applied:
(1) clinical indication for cardiac imaging, and (2) > 18 years of age.
Exclusion criteria was: unable to be consented.

2.4. Patient data acquisition

CACS scans were acquired according to the phantom experiment
using the same two CT systems. CTDI,,; were adjusted to be as
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similar as possible between PCD-CT and EID-CT, and based on the
automatic dose selection of the patient at the EID-CT (CareDose4D,
Siemens Healthineers). Reconstruction parameters were identical to
the phantom experiment.

2.5. Calcium scoring

In vitro and in vivo CACS was performed using a commercially
available software solution (CT CaScoring, syngo.via Version VB60,
Siemens Healthineers) by a single reader with 2 years of experience in
cardiovascular radiology, under the supervision of a board-certified
cardiovascular radiologist with 12 years of experience. The reader was
blinded to the origin of the CACS image. The software solution semi-
automatically quantifies coronary artery calcium (CAC) volumes
and CACS according to Agatston’s method. The algorithm uses a
threshold of 130 HU at 120 kVp and a minimum of a 0.5 mm?
connected area to detect calcium-containing voxels (8). Segments
with stents, or affected by artifacts related to pacemakers, or
other metallic objects, were manually excluded. Representative
phantom and patient examples are given in Figures 1, 2. For
risk assessment, the Rumberger classification was used to stratify
CACS into the following classes: 0, 1-10, 11-100, 101-400, and
>400 (9).

TABLE1 CT acquisition and reconstruction parameter.

wodaity Ep-cr_ pcp-cr

Tube potential (kVp) 120 120
Monoenergetic level (keV) nfa 70
Reconstruction technique Filtered back-projection QIR off
Reconstruction kernel Qr3e6f Qr36f
Slice thickness/Increment (mm) 3/1.5 3/15
Field of view (mm) 200 200
Matrix size 512 x 512 512 x 512

QIR, quantum iterative reconstruction.

FIGURE 1
Image examples from phantom scanned in the EID-CT (A,C) and
PCD-CT (B,D) with and without color-overlay for CACS
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2.6. Reclassification simulation

A regression model was generated based on the CACS
comparison derived from the patient and phantom data to facilitate
a virtual recalculation and reclassification in a simulation study as
described previously (10). PCD-CT and EID-CT were compared,
and the EID-CT was considered as the clinical reference standard.
Therefore, a zero value in the EID-CT also causes a non-detectable
value in the PCD-CT and there are no negative Agatston scores. Thus,
a linear trend line with a y-intercept of zero was fitted to describe
inter-scanner CACS differences. A retrospective patient cohort, who
had previously undergone cardiac imaging on the same EID-CT
between January and December 2021, was used to investigate the
effect on the reclassification rate in a larger cohort. Inclusion criteria
were an Agatston score above zero. Hence, a total of 514 out of 1,301
screened patients were included in the simulation study.

2.7. Statistical analysis

Statistical analysis was performed using dedicated software (SPSS
Statistics for Windows, Version 21.0, IBM Corp Armonk, NY, and
MedCalc for Windows, version 15.0, MedCalc Software, Ostend,
Belgium). Mean =+ standard deviations (SD) were used for normally
distributed and median with an interquartile range for non-normal
distributed data. Categorical variables are reported with frequencies
and proportions. The difference between the CT measurements were
compared with the Wilcoxon rank sum tests. A p-value < 0.05 was
considered significant. Spearman correlation coefficient (r) was used
to assess the correlation between CACS by PCD-CT and EID-CT.
Through Bland-Altman analyses, the mean bias, and the upper and
lower limits of agreement (LoA) between the two CT techniques
were assessed. Intraclass correlations coefficients (ICC) were used
to measure the agreement between the two different CT scanners
with the following interpretation: 0.0-0.3, lack of agreement; 0.31-
0.5, weak agreement; 0.51-0.7, moderate agreement; 0.71-0.9, strong
agreement; and 0.91-1.00, very strong agreement (11).

3. Results

3.1. Phantom study

CACSpcp-cr showed a strong correlation to CACSgp_cr»
however, CACSpcp-cr measured significantly lower values
compared to CACSgip-cr (CACSpep-cr: 60.5 (30.2-170.3) vs
CACSgip-cr 74.7 (34.6-180.8), p = 0.0015, r = 0.99, ICC = 0.99,
mean bias -9.7, LoA -36.6/17.3) (Figure 3). Compared to the
physical volumes of the calcium inserts, PCD-CT had a lower
overestimation to the reference value (overestimation of PCD-CT:
66.1 = 1.6% vs EID-CT: 77.2 & 0.5%) (Figure 4).

3.2. Patient study

The study population consisted of 23 patients (65 =+ 12.1 years)
including 16 men and 7 women who underwent CACS scans on both
CT scanners. The EID-CT scan was followed by the PCD-CT scan
after a median of 5.5 (3.0-12.5) days. Radiation dose (CTDIvol) was
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FIGURE 2

Case example from a patient scanned in the EID-CT (CACSgc
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Phantom study comparing C
deviation; r, Spearmen correlation

lower in PCD-CT imaging compared to the EID-CT (CTDI,,; 2.4
(1.5-3.1) mGyand 2.9 (1.7-3.1) mGy, p = 0.0001). Details of the study

population are given in Table 2.

Similar to the phantom studies, the in vivo comparison yielded
strong correlation between PCD-CT and EID-CT for CACS (r = 0.94,
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ICC = 0.99). When comparing median CACS, PCD-CT showed
lower CACS then EID-CT, but did not meet statistical significance
(CACSpcp-cr: 174.3 (11.1-872.7) vs CACSgp-cr 2182 (18.5-
876.4), p = 0.10, mean bias -41.1, LoA -315.3/232.5) (Figure 5).
Global CACS volume was significantly lower for PCD-CT (p = 0.04).
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Detailed comparisons for the entire heart and per vessel are shown in
Table 3.

3.3. Reclassification simulation

The regression equation from in vitro and in vivo CACS
comparison (CACSpcp-cr vs. CACSEp-cT; y = 0.936x) was used to
calculate a new risk classification for PCD-CT. From 1,301 patients,
787 patients had an Agatston score of 0 and 514 patients an Agatston
score above zero. From these 514 patients, 5.25% (27 patients) were
reclassified in a new, lower CACS risk score classification. Details are
provided in Table 4.

4. Discussion

In this study, we investigated the intra-individual difference in
CACS between PCD- and EID-CT in a phantom and a patient cohort.

100
£
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3 80
8
g <
® 60—
B
i
% 40
°
® 20—
B
o J
0 T T
PCD-CT EID-CT
FIGURE 4

Relative difference to the physical calcium insert volume (in percent)
for PCD- and EID-CT: 66.1 £ 1.6 vs. 77.2 £ 0.5%

TABLE 2 Patient characteristics.

EID-CT PCD-CT
N 23
Female (%) 7 (30.4)
Age (years) 654121
BMI (kg/m?) 28.6 (26.7-31.3)
Difference between both scans (days) 5.5(3.0-12.5)
Heart rate (bpm) 66.6 4 14.5" 62.0 (55.0-73.0)"
CTDI,,; (mGy) 29(1.7-3.1)* 24(15-3.1)*
DLP (mGy*cm) 45.0 (33.3-61.0)* 33.4(24.4-485)"

Values are mean + standard deviation, median (interquartile range), absolute and
relative frequencies.

BMI, body mass index; CTDI, computed tomography dose index; DLP, dose length product.
Comparison between EID- and PCD-CT: *p = 0.82, *p < 0.001.
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The major findings are: First, PCD-CT measures lower CACS values
compared to EID-CT in an intra-individual in vitro and in vivo
comparison. Second, in vitro experiments demonstrated that PCD-
CT resulted in more accurate quantification of calcium volume.
Third, the reclassification rate for risk prediction was 5.25% using
a simulation study of 514 patients who underwent a CACS EID-
CT examination.

Various histopathological studies have shown a relevant
correlation between coronary calcifications and arteriosclerotic
disease (12, 13). CACS has a high negative predictive value, which
carries along a low risk for cardiovascular diseases (14, 15). Hence,
CACS is a useful diagnostic tool to stratify patients into low and
intermediate/high-risk groups. Furthermore, CACS can be used as a
prognostic tool predicting cardiovascular events and death (16, 17).

Our results from the phantom study suggest that PCD-CT
measures coronary artery calcium (CAC) more accurate than EID-
CT. Overestimation of CAC volumes compared to the ground-
truth is a widely known phenomenon. For example, van der Werf
et al. measured higher CACS values in a phantom using an EID-
CT compared to a prototype PCD-CT (6). An overestimation up
to 150% of the CAC volume was measured for the large-volume
and high-density calcium insert. This overestimation is caused by
blooming artifacts that increase the measurable size of plaques (18).
Intrinsically, measurements with the PCD-CT system seem to benefit
from a reduction of blooming artifacts, even when reconstructed
identically to the Agatston standard method derived from EID-CTs.
Similarly to phantom experiments that demonstrate lower CACS by
PCD-CT compared to EID-CT, our in vivo study also produced lower
CACS values, despite not being statistically significant, (p = 0.10),
which may be caused by our small patient sample. These results
indicate that PCD-CT derived CACS is more accurate than EID-CT
derived CACS with reference to the physical calcification volume.

Other investigations have compared CACS derived by PCD-CT
using different settings: Eberhard et al. found that the settings of
70 keV and QIR off; 65 keV and QIR 3/QIR4; Polychromatic images
(T3D) at 120 kV and QIR 4 have a <1% deviation from the reference
CACS value (5). Additionally, other scan modes such as Sn100 kV
with 70 keV and QIR 1 or at 90 kV with 65 keV and QIR 4 could
be used to obtain CACS with similar accuracy to the EID-CT and
lower radiation dose levels. (19, 20). Furthermore, CACS has also
been successfully derived from CCTA datasets by using a novel virtual
non-iodine reconstruction (PureCalcium) with high agreement to the
true non-contrast acquisition (21).

Despite its clinical and prognostic relevance, CACS is prone to
certain limitations (22). One of those is the limited repeatability of
CACS on different CT systems, as demonstrated by Willemink et al.
in cadaveric hearts (10). Reclassification rate may reach up to 6.5%
of cases, depending on the vendor of the CT system. In addition, a
certain inter-scan variability also exists when using a CT system for
repeated measurements (23). This can be caused by several factors
including partial volume effects, different breath-hold depth, and
heart rate variability (24). Budoff et al. demonstrated a variability
of 11.8% of the Agatston score in patients with end-stage renal
disease, especially those with an Agatston score below 30 (inter-scan
variability up to 61.3%).

The results of this study demonstrated a ~5% lower CACS
derived by PCD-CT compared to EID-CT. This inter-system
deviation is in the range of prior reported inter-scan variabilities
and indicates that PCD-CT can be used for CACS in clinical routine
(23). However, our study investigated patients who underwent CACS
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Patient study comparing CACS (A,C) and CAC volume (B,D) between PCD-CT and EID-CT in scatter- (A,B) and Bland-Altman plots (C,D). SD, standard

deviation; r, Spearmen correlation.

TABLE 3 Comparison of total and per-vessel values between EID-CT and PCD-CT in patients.

EID-CT PCD- P r ICC IEH LoA
Total CACS 218.2 (18.5-876.4) 1743 (11.1-872.7) 0.10 0.99 0.99 -414 -315.3/232.6
Total CAC volume 206.8 (15.9-782.6) 165.0 (9.8-731.6) 0.04 0.99 0.99 -37.6 -233.6/158.3
LM CACS 0.0 (0-21) 0.0(0-26.9) 0.38 0.98 0.94 -5.6 -457/34.6
LM CAC volume 0.0 (0-19.1) 0.0(0-19.1) 0.46 0.99 0.97 -3.0 -26.2/20.1
LAD CACS 91.0 (0.6-266.9) 96.3 (0.7-273.5) 0.22 0.99 0.99 16.1 -80.3/112.4
LAD CAC volume 78.0 (1.5-205.7) 83.1(1.4-218.6) 0.35 0.99 0.99 8.2 -44.3/60.7
LCX CACS 53.1(0-297.5) 16.7 (0-292.4) 0.11 0.97 0.95 -49.5 -356.1/257.0
LCX CAC volume 9.5 (0-47.3) 7.9(0-45.4) 0.41 0.99 0.99 -0.2 -37.3/37.0
RCA CACS 53.1(0-297.4) 16.7 (0-292.4) 0.30 0.97 0.95 -49.5 -356.1/257.0
RCA CAC volume 64.6 (0-291.7) 28.3(0-277.2) [ 0.08 0.97 0.95 | -412 -283.2/200.7

Values are median (interquartile range).

LM, left main, LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery; CACS, coronary artery calcium scoring; CAC, coronary artery calcium; ICC, intraclass

correlation; LoA, limits of agreement.

on the EID-CT and simulated their virtual CACS risk class that
would have been derived by the PCD-CT. According to our in vitro
and in vivo evaluations, approximately 5% of patients would have
been reclassified to a lower risk category with potential effects on
clinical management such as initiation of optimal medical therapy.
The new classification mostly affected patients who were classified
immediately above the next category’s cut off. One should thus be
cautious on the risk of potential reclassification when measuring
CACS on PCD-CT images. To compare CACS from PCD- to
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a dual-source EID-CT (of the same vendor), CACSpcp-cr may
be multiplied by the factor of 1.056. Effects on prognostic and
therapeutic implications and a potential change in risk stratification
classes, however, have to be studied in future studies in larger cohorts.

Several attempts have been made to improve the conventional
CACS protocol since its introduction. Recently, van Praagh et al.
evaluated the optimization of several parameters in CACS for EID-
CT systems from four different vendors compared to the standard
CACS protocol (24). They reduced tube voltage to 100 kVp, radiation
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TABLE4 R d PCD-CT examinations.

study for si

New risk
classification

Original risk Difference (%)

classification
Agatston score category

0 787 0 ‘

1-10 62 5 8.06
11-100 132 5 3.79
101-400 144 10 6.94
>400 176 7 3.98
Total (>0) 514 27 5.25
Total 1,301

‘Total number of patients (n).

dose to 75%, slice thickness to 1 or 1.25 mm and applied a higher
iterative reconstruction level resulting in a 36 and 34% lower intra-
and inter-scan variability and improved detection of small and low-
density calcifications. However, these protocol modifications have not
been applied to PCD-CT derived CACS yet.

There are some limitations to our study that need to be
considered: First, the distribution of calcifications was imbalanced
in the patient cohort. There were only a limited number of patients
with severe calcification. Second, our patient cohort was limited
to 23 patients and a larger study group would be desirable to
improve the statistics of the model extended to the reclassification
rates. Clinical implications such as new reclassification classes for
PCD-CT based CACS have to be investigated in further studies.
Third, PCD-CT scans were acquired at slightly lower radiation
dose levels, thereby theoretically making them more prone to
software detection errors as CACS depends on acquisition and
reconstruction settings and the corresponding image noise levels.
Low dose scans with high image noise may result in higher Agatston
scores, because noise pixels exceeding the 130 HU threshold may
be erroneously counted as calcifications. In addition, the in this
study used lowest setting of iterative reconstruction (QIR off) may
not the optimal reconstruction setting for PCD-CT based CACS.
However, CACSpcp-cr systematically demonstrated lower CACS
values in this study. Fourth, a ground truth for CACS was available
only for phantom measurements. Differences and reclassification of
in vivo data can therefore be interpreted only in relation to the
phantom experiments, and we are unable to demonstrate which
in vivo CACS measurement is more accurate. Fifth, differences in
heart rate, radiation dose and other acquisition parameters including
breath-hold and positioning could have affected the results. However,
the analysis demonstrated systemic relationships that are unlikely
caused by individual factors. Finally, we considered just one available
phantom size, therefore, our results may not be applicable to
different body types.

In conclusion, PCD-CT measures lower CACS values in
both phantom and patient studies, resulting in reclassification of
approximately 5% of individuals into lower risk groups. Compared to
EID-CT, PCD-CT may be more accurate for physical quantification
of calcifications. Further studies have to be conducted to evaluate
optimized CACS PCD-CT imaging protocols and their potential
effect on risk stratification and medical treatment.
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ABSTRACT

Purpose: To compare intra-individual percentage di stenosis (PDS) measurements of coronary
artery stenoses between energy-integrating detector computed tomography (EID-CT) and a clinical
phot ing detector puted graphy (PCD-CT) systems using similar acquisition and

reconstruction settings.

Methods: Patients (n = 23, mean age of 65 + 12.1 years, out of these 16 (69.6%) male) were imaged
on a conventional EID- and a clinical PCD-CT system with a median of 5.5 (3.0-12.5) days apart.
Sequential CCTA scans were acquired and reconstructed using similar settings, including a vascular
Bv36 kernel, a tube voltage of 110 kVp for EID-CT vs 120 kVp for PCD-CT, a slice thickness of 0.5 for
EID-CT vs 0.6 for PCD-CT, and an iterative reconstruction strength of 3 on EID-CT vs a virtual
monoenergetic reconstruction at 55 keV and quantum iterative reconstruction level of 3 on PCD-CT.
Radiation dose, contrast volume, and injection parameters were matched as similarly as possible
between the systems. PDS measurements were performed according to the coronary artery disease
reporting and data system (CAD-RADS) by two trained readers and compared between the different
modalities using the Wilcoxon rank sum test, Spearman correlation, and Bland-Altman analysis.

Results: PCD-CT measured significantly lower PDS values than EID-CT [PDSgp.cr: 45.1% (35.1%—

IMAGING 15 (2023) 2, 61-68 64.0%) vs. PDSpcp.cr 44.2% (32.4%-61.0%), P < 0.0001]. This difference led to a mean bias of 1.8
DOI: 10.1556/1647.2023.00156 (LoA —3.0/6.5) with an excellent ICC (0.99) value among EID- and PCD-CT. The mean intra-individual
© 2023 The Author(s) deviation between the inations was 1.8% between the scanners. This led to CAD-RADS re-clas-
sification in 3/23 cases (13.0%, new-lower class) for the first reader, and in 4/23 cases (13.0%, new-lower
TEVW and CG contributed equally to and 4.4%, new-higher class) for the second reader. Inter-reader agreement between the two readers for
this publication. each stenosis was very strong (ICC = 0.98).
Conclusions: Coronary artery stenosis measurements from PCD-CT correlate strongly to EID-CT-
based despite the tend of the from PCD-CT being lower. This
*Corresponding author. difference led to a change in CAD-RADS classification in 17.4% of patients. The effects on clinical
Tel.: +49 6131177358. decisi aking, d testing, and prognosis have to be evaluated in future studies.
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Introduction

Coronary artery disease (CAD) is the leading cause of death
worldwide [1]. Over the last two decades, coronary CT
angiography (CCTA) has emerged as one of the most
commonly used modalities for the clinical evaluation of
stable CAD [2, 3]. Accurate CT-based quantification of
coronary artery stenosis is critical because stenosis severity
in combination with calcium scoring guides clinical deci-
sion-making [4]. In this context, CCTA has already been
shown to have excellent negative predictive value and
moderate positive predictive value for the detection and
evaluation of CAD, especially in patients with low or in-
termediate risk [5, 6]. However, the positive predictive value
of CCTA suffers as the burden of calcium in the coronary
arteries increases due to calcium blooming artifacts [7].

Recently, photon-counting detector computed tomogra-
phy (PCD-CT) has become clinically available, enabling
direct conversion of x-ray photon radiation into an electrical
signal instead of using an intermediate conversion into
visible light photons through a scintillator [8]. Compared
with conventional energy integrating detector CT (EID-CT),
PCD-CT offers several distinct advantages, including higher
spatial resolution, lower image noise, and constantly avail-
able spectral image information [9-16]. These advantages
have the potential to allow for more accurate stenosis
quantification and overcome previous limitations in
CT-based cardiac imaging. However, due to the novelty of
this technique, analyses comparing intra-individual mea-
surements from PCD- and EID-CT using similar settings are
required to ensure transferability into clinical practice.

We hypothesized that percentage diameter stenosis
(PDS) measurements with PCD-CT yield similar results
compared to the conventional, clinical-standard EID-CT
when acquired and reconstructed similarly. Thus, this study
aims to intra-individually compare PDS measurements be-
tween a first-generation dual-source PCD-CT and a state-of-
the-art conventional dual-source EID-CT.

Materials & methods

Patients

The protocol of this single-center, Health Insurance Porta-
bility and Accountability Act-compliant, study was
approved by the local Institutional Review Board (IRB).
Patients were prospectively enrolled based on the following
inclusion criteria: (1) clinical indication for cardiac imaging;
and (2) >18 years of age. The following exclusion criteria
were applied: (1) contraindication to iodine-based contrast
media; (2) reduced kidney function (glomerular filtration
rate <45 mL min~' m~?); (3) pregnancy or lactation, and (4)
unable to be consented. All patients provided written
informed consent and underwent an electrocardiogram
(ECG)-gated CCTA examinations on both CT systems be-
tween August 2021 and March 2022.

Data acquisition and image reconstruction

Both the conventional EID-CT (SOMATOM Force, Siemens
Healthineers, Erlangen, Germany) and a first-generation,
clinical PCD-CT (NAEOTOM Alpha, Siemens) were used to
perform CCTA examinations. The PCD-CT is equipped
with two photon-counting cadmium telluride (CdTe) de-
tectors, each with a collimation of 144 X 0.4 mm, which
enables spectral CT data acquisition at a high temporal
resolution. The tube voltage was set to 110kVp for the
EID-CT, which was the standard protocol used at our
institution, while it was set to 120 kVp for the PCD-CT per
vendor recommendations.

A sequential cardiac protocol was used for all scans,
which included ECG triggering and a triphasic contrast in-
jection protocol and a constant injection rate for all three
phases (4 mL s™'). This involved injecting an initial bolus of
nonionic iodinated contrast agent (50mL, iopromide
370 mgl mL™", Ultravist, Bayer Healthcare), followed by a
50% mixture of contrast agent and saline solution (20 mL),
and a saline chaser (25 mL). If it was not clinically contra-
indicated, patients were given 0.4 mg nitroglycerin about
5min before the scan, and those with heart rates above
70 beats per minute received 5 mg metoprolol intravenously.

CT images were directly reconstructed on the scanners.
All reconstructions were performed in the phase with the
least motion artifacts (best diastolic or systolic phase), using
a body vascular kernel (Bv36) a slice thickness of 0.5 and 0.6
mm for the EID-CT and the PCD-CT, respectively. Iterative
reconstruction algorithms were applied at strength level 3
for both scanners, using advanced modeled iterative recon-
struction (ADMIRE) for the EID-CT and quantum iterative
reconstructions (QIR) for the PCD-CT. Detailed acquisition
and reconstruction parameters for both scanners can be
found in Table 1.

Stenosis measurements

Measurements were performed by two readers with 2 and 4
years of experience in cardiovascular radiology and under
the supervision of a board-certified cardiovascular radiolo-
gist with 12 years of experience. The supervisor selected
relevant stenoses with at least 20% of vessel obstruction.
Both readers independently assessed each stenosis in a
blinded fashion.

Table 1. CT acquisitions and reconstructions

Modality EID-CT PCD-CT
Tube potential (kVp) 110 120
Monoenergetic level (keV) n/a 55
Iterative reconstruction Admire 3 QIR 3
Reconstruction kernel Bv36 Bv36
Slice thickness (mm) 0.5 0.6
Field of View (mm) 200 200
Matrix size 512 X 512 512 X 512

QIR, quantum iterative reconstruction; EID-CT, energy-integrating
computed tomography; PCD-CT, photon-counting detector
computed tomography.
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Stenosis measurements were based on a semi-automated
segmentation of the remaining coronary artery lumen using
a commercially available software solution (CT Coronary,
syngo.via Version VB60, Siemens). An example case illus-
trating the visualization for stenosis measurements is shown
in Fig. 1. Quantitative analysis of the stenoses was conducted
on cross-sectional images and according to established
methods using the diameter proximal and distal to the ste-
nosis as reference [17]. The reference diameters were
measured in a plaque-free portion of the same vessel as close
as possible to the selected stenosis.

Based on these measurements, the PDS was calculated
with a validated formula as described previously [18]:

Ds

PDS=1-— Dy

in which Ds is the minimal remaining vessel lumen of the

coronary artery stenosis and Dy represents the average
reference diameter proximal and distal to the stenosis.

For reliable results, window-level settings were kept
constant (C450 HU/W1500 HU) in the PCD- and EID-CT
measurements. The readers also classified the plaques as
being either calcified or mixed.

EID-CT

PCD-CT

Fig. 1. Representative image in a patient scanned with the EID- and
PCD-CT

17

Furthermore, patients were assessed according to the
Coronary Artery Disease Reporting and Data System
(CAD-RADS) depending on the measured PDS as follows:
CAD-RADS 0 - 0%; CAD-RADS 1 - 1-24%; CAD-RADS
2 - 25-49%; CAD-RADS 3 - 50-74%; CAD-RADS
4 - 75-99%; CAD-RADS 4 - 100% [19].

Statistical analysis

Dedicated software (SPSS Statistics for Windows, Version
210, IBM Corp Armonk, NY; MedCalc for Windows,
version 15.0, MedCalc Software, Ostend, Belgium; GraphPad
Prism, Version 9 for macOS, San Diego, CA, USA) was used
for statistical analysis. The data was tested for normality
using the Kolmogorov-Smirnov test. For normally distrib-
uted data, mean + standard deviation (SD) was used, while
median with interquartile range was used for non-normally
distributed data. Categorical variables were reported as fre-
quencies and proportions. The means’ distribution was
compared with independent samples t-test for normally-
distributed variables or Mann-Whitney U test for non-
parametric variables. The difference between the two CT
stenosis measurements was compared using the Wilcoxon
rank sum test, and a p-value of 0.05 was deemed significant.
The mean bias and the upper and lower limits of agreement
(LoA) between the two approaches were evaluated using
Bland-Altman analysis. The correlation between PDS values
from EID- and PCD-CT was measured using the Spearman
correlation coefficient (r). The agreements between the two
CT systems and the two readers were measured using
intraclass correlation coefficients (ICC), with the following
interpretations: 0.0 to 0.3, lack of agreement; 0.31 to 0.5,
weak agreement; 0.51 to 0.7, moderate agreement; 0.71 to
0.9, strong agreement; and 0.91 to 1.00, very strong agree-
ment [20].

Results

The study included 23 patients (16 men) with a mean age of
65 + 12.1 years and a total of 42 evaluated stenoses,
comprised of 31 (73.8%) mixed and 11 (26.2%) calcified
plaques. The PCD-CT scan was conducted a median of 5.5
(3.0-12.5) days after the EID-CT scan. The median radiation
dose for scans obtained with PCD-CT was significantly
lower compared to those performed with EID-CT [CTDIvol
EID-CT: 38.3 (20.9-58.0) mGy vs PCD-CT: 28.0 (18.2-54.2)
mGy, P < 0.05]. Clinical CT examinations included the
following indications: 13 (56.5%) stable chest pain/CAD,
7 (30.4%) valvular disease, 3 (13.0%) structural heart disease.
A detailed listing of the study population, scan conditions,
and plaque characterization is given in Table 2.

Stenosis evaluation

Overall, the PDSpcp.cr measurements were significantly
lower than corresponding PDSgp cr values (PDSgip. ¢
45.1% (35.1%-64.0%) vs. PDSpcp.cr: 44.2% (32.4%-61.0%),
P < 0.0001, mean bias 1.8, LoA —3.0/6.5). Nevertheless,

(i)
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Table 2. Patient characteristics

n 23
Female (%) 7 (30.4)
Age (years) 65 + 12.1
BMI (kg m™?) 30.1 + 7.1
Time between 5.5 (3.0-12.5)

scans (days)

EID-CT PCD-CT

Heart rate (bpm) 64.1 +11.0, " 653 + 10.8, *

CTDI,,, (mGy) 38.3 (20.9-58.0), ** 28.0 (18.2-54.2), **

DLP (mGy*cm)  647.8 (339.4-1055.1), ***  557.5 + 384.7, ***
Mixed Plaques 31 (73.8%)

Calcified Plaques 11 (26.2%)

*P = 04713.

**P = 0.0116.

***P = 0.0046.

Values are mean + standard deviation, median (interquartile
range), n (frequencies).

BMI, body mass index; CTDI, computer tomography dose index;
DLP, dose length product; EID-CT, energy-integrating computed
tomography; PCD-CT, photon-counting detector computed
tomography.

PDSpcp-cr showed very strong correlation and agreement
with PDSgip.cr (r = 0.988, ICC = 0.99). The mean mea-
surement deviation between individual stenoses amounted
to a 1.8% difference between the scanners. Figure 2 dem-
onstrates the correlation between PDS values from EID- and
PCD-CT. Figure 3 displays the differences between the in-
dividual measurements from the EID- and PCD-CT.

Reclassification of CAD-RADS categories

Based on the degree of stenosis, patients were assigned a
CAD-RADS score. Compared to the initial classification
based on the EID-CT scan, measurements derived from
PCD-CT scans led to a new-lower classification in three
patients (3/23 cases, 13.0%) for both readers and to a new-
higher classification in one patient (1/23 cases, 4.4%) for

80
y=1.746 + 1.001 x
n=42
70 r=0.988; P < 0.0001
_ 6ot
3]
[=}
& Sof
o
o
a0
30}
20 l N 1 1 1 1 " 1 1
20 30 40 50 60 70 80
A PDSpcp.cr

p <0.0001

measured PDS (%)

T T
EID-CT PCD-CT

Fig. 3. Box plot with line diagram shows the comparison of percent
diameter stenosis (PDS) values between EID-CT and PCD-CT with
a p-value from a paired Wilcoxon test

reader 2. This led to a per-patient CAD-RADS re-classifi-
cation in 17.4% of cases. Details of the per-patient and per-
vessel CAD-RADS category re-classifications are provided
in Fig. 4, Table 3 and Supplementary Table S1. Agreement
between the readers was very strong for stenosis measure-
ments (ICC = 0.97) between the two CT systems.

Discussion

This prospective study investigated coronary artery stenosis
measurements between EID- and PCD-CT in an intra-in-
dividual patient setting. Major findings were: 1) PCD-CT
PDS values measured lower on average compared to the
measurements on EID-CT. 2) This led to CAD-RADS re-
classification in approximately 17% of patients. 3) Despite
the instances of re-classification, there was still a very strong

10 -
sl .
5 . +1.96 SD
a 6l
) & 6.5
8 o o °
N S
- . Mean
Qo 2 2 .
CA% °® * S . : 18
2 of- % B
a °
o . * -1.96 SD
“4h 1 1 1 1 1 ‘3‘01
20 30 40 50 60 70 80
B Mean of Methods

Fig. 2. Scatterplot (A) and Bland-Altman plot (B) show the correlation of percent diameter stenosis (PDS) between EID-CT and PCD-CT
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Fig. 4. Bar diagram show the original and re-classification of CAD-RADS categories for reader 1 and 2

Table 3. Re-classification of CAD-RADS categories

Per-Patient Classification

Reader 1 Reader 2
CAD-RADS New-lower risk Original New-higher risk New-lower risk Original New-higher risk
Score Category classification classification classification classification classification classification
0 4 4
1 3 4 1
2 1 6 5
3 5 1 8
4 2 5 2 2
5 0 0
Total 3 23 3 23 1
Difference (%) 13.0 13.0 44

correlation and agreement of coronary stenosis measure-
ments between the two CT systems.

CCTA is considered a first-line test in the evaluation of
CAD due to its high sensitivity and negative predictive value
in patients with low and intermediate risk of CAD [5, 6].
Additionally, CCTA enables the evaluation of coronary ste-
nosis and plaque composition, providing valuable informa-
tion for prognostic stratification [21, 22]. However, CCTA is
restricted by a moderate positive predictive value due to
artifacts that can lead to overestimation of stenoses, partic-
ularly from high-density calcifications or stents [23-25]. For
high-density calcifications, errant stenosis measurements are
induced by calcium blooming artifacts, which occur more
frequently as calcium density increases [26]. The inappro-
priate stenosis measurements are caused by different tissue
attenuations within the same imaged voxel [27]. Inaccurate
PDS measurements with a stenosis overestimation can lead
to unnecessary ICA [25, 26].

It has been demonstrated that PCD-CT reduces calcium
blooming through increased spatial resolution and better
decomposition of materials [28]. Despite similar re-
constructions in our study between the PCD- and EID-CT
systems, PCD-CT seemed to be less prone to calcium
blooming and therefore resulted in lower PDS value mea-
surements. However, the overestimation of PDS by standard

19

resolution CCTA has been investigated by several phantom
studies using EID- and PCD-CT [18, 29, 30]. Based on these
prior publications, it can be implied that the PCD-CT
in-vivo measurements in our study are more accurate than
the EID-CT measurements, which is currently one of the
state-of-the-art CT systems in clinical settings.

The lower PDS measurements would follow with a new-
lower risk classification in patients and therefore has an
impact on the CAD-RADS system. We demonstrated a new
per-patient CAD-RADS classification in approximately 17%
of our patients. Similarly, a previous study compared the
intra-individual coronary artery calcium score using identical
scan parameters between EID- and PCD-CT [12]. The study
revealed a new-lower reclassification rate for the PCD-CT
of approximately 5% compared to the EID-CT, which suggests
arole in evaluating the plaque burden in patients. An accurate
CT-based quantification of stenosis degrees is of great
importance and represents the basis for the risk assessment of
CAD, which guides clinical management [31]. However, most
patients still received the same CAD-RADS category with
the PCD-CT acquisition compared to the EID-CT, and there
was a high degree of agreement between stenosis grading
and CAD-RADS classification from both CT systems. On
the other hand, through further improvements such as of the
spatial resolution on the PCD-CT, it might have the potential
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to improve the positive predictive value of CCTA and thereby
reduce unnecessary downstream testing in patients.

Despite the advantages demonstrated in this study using
similar reconstructions between EID- and PCD-CT, PCD-CT
systems offer various other advantages. For example, a new
image reconstruction algorithm (PureLumen, Siemens) could
improve stenosis assessment on the PCD-CT through
removing calcified plaques and displaying the contrasted
vessel [18]. Allmendinger et al. explored this concept in a
phantom study that demonstrated better agreement of ste-
nosis grading using PureLumen than a standard virtual
monoenergetic reconstruction on PCD-CT. Furthermore, an
ultra-high resolution (UHR) mode of the PCD-CT can be
employed to reduce calcium blooming, leading to a higher
image quality of calcified coronary arteries [32]. Koons et al.
performed a study comparing stenosis measurements on a
PCD- and EID-CT of a stationary phantom and showed more
accurate measurements using UHR vs standard resolution
(SR) [29]. They demonstrated better performance of the UHR
in detecting the severity of differently arranged stenoses.
These results were confirmed and expanded by Zsarnoczay
et al. who demonstrated that the use of UHR led to more
accurate PDS measurements in a motion phantom compared
to SR acquisition over a range of different heart rates [30].
Generally, there was an overestimation of stenoses found in
the phantom for both UHR and SR, but the UHR measure-
ments were closer to the true values. In addition, these new
approaches allow the reduction of calcium blooming artifacts
to improve spatial resolution of the PCD-CT. However,
in-vivo validation in prospective cohorts is currently lacking
and is the subject of ongoing research protocols.

There are some limitations to our study: First, there were
only 23 patients included, and a larger study group would be
desirable. However, larger study cohorts with repeated CT
scans performed within a short time range are rare. Second,
our in-vivo study population consisted of an unequal distri-
bution of calcifications. On the other hand, the distribution
of the CAD-RADS classes was balanced over the patient
population in this study. Third, differences in slice thickness/
increment and the tube potential could have affected the
results. Differences in radiation doses were due to ethical
regulations requiring a lower or similar dose level for the
PCD-CT. It would be expected that a lower radiation dose
would worsen the image quality of PCD-CT images and
potentially worsen stenosis measurements, but our results
demonstrated improved PDS reading on the PCD-CT despite
the lower radiation doses compared to the EID-CT images.
Finally, it should be noted that this investigation lacks an
invasive correlation, which is typically regarded as a ground
truth, and thus warrants further investigation in clinical studies.

Conclusion

In conclusion, PDS measurements on PCD-CT are highly
correlated but generally lower compared to the measurements
from EID-CT using similar reconstruction settings. The
discrepancy in stenosis measurements between the two CT

systems resulted in per-patient CAD-RADS re-classification
in 17.4% of cases. Further studies are expected to evaluate
optimized PCD-CT imaging protocols for PDS evaluation
and to investigate its effects on the clinical decision-making
process.
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Abstract

Background Photon-counting detector computed tomography (PCD-CT) may influence imaging characteristics
for various clinical conditions due to higher signal and contrast-to-noise ratio in virtual monoenergetic images (VMI).
Radiomics analysis relies on quantification of image characteristics. We evaluated the impact of different VMI recon-
structions on radiomic features in in vitro and in vivo PCD-CT datasets.

Methods An organic phantom consisting of twelve samples (four oranges, four onions, and four apples) was scanned
five times. Twenty-three patients who had undergone coronary computed tomography angiography on a first
generation PCD-CT system with the same image acquisitions were analyzed. VMIs were reconstructed at 6 keV levels
(40, 55,70, 90, 120, and 190 keV). The phantoms and the patients'left ventricular myocardium (LVM) were segmented
for all reconstructions. Ninety-three original radiomic features were extracted. Repeatability and reproducibility were
evaluated through intraclass correlations coefficient (ICC) and post hoc paired samples ANOVA t test.

Results There was excellent repeatability for radiomic features in phantom scans (all ICC = 1.00). Among all VMIs, 36/93 radi-
omic features (38.7%) in apples, 28/93 (30.1%) in oranges, and 33/93 (35.5%) in onions were not significantly different. For LVM,
the percentage of stable features was high between VMIs = 90 keV (90 versus 120 keV, 77.4%; 90 versus 190 keV, 83.9%; 120
versus 190 keV, 89.3%), while comparison to lower VMI levels led to fewer reproducible features (40 versus 55 keV, 8.6%).

Conclusions VMI levels influence the stability of radiomic features in an organic phantom and patients’ LVM; stability
decreases considerably below 90 keV.

Relevance statement Spectral reconstructions significantly influence radiomic features in vitro and in vivo, necessi-
tating standardization and careful attention to these reconstruction parameters before clinical implementation.

This article belongs to the thematic series entitled *Photon-counting CT:
a disrupting innovation in medical imaging® (Guest Editors: Tilman Emrich
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Key points
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« Radiomic features have an excellent repeatability within the same PCD-CT acquisition and reconstruction.

« Differences in VMI lead to decreased reproducibility for radiomic features.

«VMI = 90 keV increased the reproducibility of the radiomic features.

Keywords Myocardium, Phantoms (imaging), Radiomics, Reproducibility of results, Tomography (x-ray, computed)
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Spectral reconstructions influence radiomic features in-vitro and in-vivo.
Before clinical implementation, standardization to reconstruction parameters is needed.

Eur Radiol Exp (2023) Wolf EV, Milller L, Schoepf UJ, et al. DOI:10.1186/s41747-023-00371-8

Background
Radiomics is a field of medical imaging that involves
the extraction and analysis of quantitative features from
medical images, such as computed tomography (CT),
magnetic resonance imaging, or positron emission
tomography [1, 2]. In combination with machine learn-
ing algorithms, radiomics data can be used to provide
inferences about tumor characteristics and correlate
them with tumor histopathology (3, 4]. Furthermore,
radiomic features can be used as biomarkers in oncologic
treatment for improved accuracy of prognosis [5-7] and
better outcome prediction [8-10], based on machine
learning classification models.

In conventional CT imaging, only one image is tra-
ditionally formed, which is generated as the average

energy of the x-ray spectrum. Dual energy CT (DECT),
however, utilizes data acquired at two distinct energy
levels to create images that highlight different tissue
attenuation properties. The generation of other DECT
specific image datasets such as virtual monoenergetic
images (VMI), generated at specific energies in the x-ray
spectrum) enable the reduction of beam-hardening arti-
facts and the improvement of the contrast-to-noise ratio
[11]. However, such advanced reconstruction was rarely
used for cardiac applications due to the limited temporal
resolution of the DECT systems. With the recent intro-
duction of a first-generation clinical photon-counting
detector CT (PCD-CT) system, spectral imaging based
VMI datasets are available by default, without the tem-
poral resolution penalty.
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The influence of VMI on the repeatability and repro-
ducibility of radiomic features on energy-integrating
detector (EID)-based DECT has previously been inves-
tigated [12]. Euler et al. [12] demonstrated in organic
phantoms a high repeatability when CT scan settings and
reconstructions were kept constant. However, the repro-
ducibility decreased with a larger difference between the
two VMI reconstructions being compared. The influ-
ence of different VMI has also previously been explored
in oncology, including for cervical lymphadenopathy [13,
14], parotid tumors [15], pancreatic tumors [16], and
liver lesions [12]. Accordingly, the refinement of VMI
could improve the detection and evaluation of several
malignant lesions.

Therefore, the aim of this study was to evaluate the
impact of different VMI reconstructions on radiomic fea-
tures in in vitro and in vivo PCD-CT datasets.

Methods

Phantom study

In order to verify consistency and stability in our radiomic
analysis pipeline, phantom experiments were conducted
prior to clinical studies. The phantom consisted of twelve
organic phantoms (four oranges, four onions, and four
apples). Four organic samples of the same item were used
to verify radiomic feature extraction repeatability and to
identify errors that may be associated with analysis of a
specific feature of interest. All objects were placed and
fixed on a radiolucent stretcher prior to scanning (Fig. 1).

Phantom data acquisition and reconstruction parameters

Phantom images were acquired on a PCD-CT system
(NAEOTOM Alpha, Siemens Healthineers, Forchheim,
Germany). The two photon-counting cadmium telluride,

Fig. 1 Phantom setup (left) and a cross-sectional PCD-CT image
{right) of the fruit samples reconstructed at 70 keV (window level
W1200/C-600)
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CdTe, detectors in the PCD-CT system, each with a
nominal 144 X 0.4 mm collimation, enable the acqui-
sition of spectral CT data with a maximum temporal
resolution of 66 ms. A standard coronary CT angiogra-
phy (CCTA) protocol was used in sequential mode with
a slice thickness of 0.6 mm, increment of 0.6 mm, and a
manually set tube voltage of 120 kVp. Tube current was
set to 120 mAs with a resulting volume CT dose index
(CTDI,,)) of 9.45 mGy. A signal mimicking an electrocar-
diogram was generated to reflect a heart rate of 60 beats
per minute, and the examination was initiated during
the diastolic phase (75% of the cardiac cycle). All twelve
organic phantoms were measured five times to account
for the scanner’s variability, each time shifting by approx-
imately 2 mm and rotating by approximately 2° [17].
Images were reconstructed using a quantitative recon-
struction kernel (Qr36), quantum iterative reconstruction
(QIR) level of 3, a matrix size of 512 with a reconstructed
field of view of 750 mm X 200 mm (so that all samples
were in the same field of view), and a slice thickness of
0.6 mm. VMIs were reconstructed at six different ener-
gies (40, 55, 70, 90, 120, and 190 keV). Detailed acquisi-
tion and reconstruction parameters are shown in Table 1.

Patient study

Patient data used in this study was acquired as part of
a larger prospective study evaluating PCD-CT for car-
diovascular applications. All participants gave written
informed consent, and the study protocol was approved
by the local Institutional Review Board in accordance
with the HIPAA guidelines. Patients were enrolled for
this research study based on the following inclusion cri-
teria: (1) individuals who underwent electrocardiograph-
ically gated cardiac imaging due to a clinical indication of
chest pain; (2) age above 18 years old; (3) no allergy to
iodine-based contrast media; (4) intact kidney function
with a glomerular filtration rate higher than 45 mL/min/
m? (5) not currently pregnant or lactating; and (6) able
to provide consent. Patients who did not meet all of the
inclusion criteria or refused consent were excluded from
the study.

Table 1 PCD-CT acquisition and reconstruction parameters

Phantoms Patients
Tube potential (kVp) 120 120
Quantum lterative Reconstruction level 3 3
Reconstruction kernel Qr36 Qr36
Slice thickness/increment (mm) 06/06 0.6/0.6
Field of view (mm) 750 % 250 200 x 200
Matrix size 512x512 512x512
Monoenergetic levels (keV) 40,55,70,90, 40,55, 70,90,
120,and 190 120,and 190
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Patient data acquisition and image reconstruction
The phantom data acquisition parameters were matched
to the acquired patient CCTA scans. A sequential cardiac
protocol was used for all CCTA scans, which included
ECG triggering and a triphasic contrast injection proto-
col. This involved injecting an initial bolus of nonionic
iodinated contrast agent (50 mL, iopromide 350 mgl/
ml; Ultravist, Bayer, Leverkusen, Germany), followed by
a 50% mixture of contrast and saline (20 mL), and a saline
chaser (25 mL). The injection rate was consistent for all
three phases (4 mL/s). If it was not clinically contraindi-
cated, patients were given 0.4 mg nitroglycerin approxi-
mately 5 min before the scan, and those with heart rates
above 70 beats per minute received 5 mg metoprolol
intravenously.

Reconstruction parameters were also identical to the
phantom experiment, except for the reduced field of view
(200 x 200 mm) limited to the heart.

Image analysis

Digital Imaging and Communications in Medicine,
DICOM, images from phantom and patient scans were
analyzed using a single radiomic analysis pipeline. Both
sets of data were reformatted with 5.0-mm slice thickness
and 5.0-mm increment, as is common process in radi-
omic analysis [18, 19]. The phantom images were loaded
into an open-source software (3D Slicer, Version 4.11).

The organic phantoms were semiautomatically seg-
mented with a grow-from-seeds algorithm for each sam-
ple group at the 70 keV level. This algorithm was chosen
for the phantom images to ensure an accurate and easy
workflow. A three-dimensional volume of interest (VOI)
of the organic phantoms was generated after applying the
algorithm. Each sample was analyzed within their three
groups (apples, oranges, and onions). All segmentations
were performed on the 70 keV image series, and the
VOIs were transferred to the remaining image series (40,
55, 90, 120, and 190 keV). The same procedure was per-
formed for the other four repeated scans.

Additionally, the patient scans were re-orientated on
a short-axis view of the left ventricle and simultane-
ously reformatted according to the phantom study. The
six VMI datasets were imported into 3D Slicer. The left
ventricular myocardium (LVM) was manually segmented
in single slice at the middle of the short-axis stack. The
segmented area excluded the trabeculations and papil-
lary muscles (Fig. 2). Segmentation was performed by a
reader with 2 years of experience in cardiovascular radi-
ology under the supervision of a board-certified cardio-
vascular radiologist with 12 years of experience. As in
the phantom data, segmentations were performed on the
70 keV image, and the resulting VOIs were transferred to
the other five VMI datasets.
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Fig. 2 Representative example of myocardial segmentation
in a patient PCD-CT scan at 70 keV

Feature extraction

For extraction, a total of 93 radiomic features were
generated in an open source-software (SlicerRadiom-
ics, Pyradiomics, version 3.0.1) with the following fea-
ture classes specific to the analysis software: First Order
(FO), Gray Level Co-occurrence Matrix (GLCM), Gray
Level Dependence Matrix (GLDM), Gray Level Run
Length Matrix (GLRLM), Gray Level Size Zone Matrix
(GLSZM), and Neighboring Gray Tone Difference
Matrix-Features (NGTDM). A standard output from
Pyradiomics provides a total of 107 radiomic features.
The feature class shape (14 features) was excluded in
this analysis because all shape parameters were identical
through the transfer from the 70 keV level segmentation
to the remaining reconstructions. A full mathematical
description of these feature families and representative
features within them is available in the software docu-
mentation [20]. All 93 radiomic features were extracted
for the six different VMIs. From all the segmentations
in the phantoms and patients, we analyzed a total of
21,204 radiomic features. The normalized feature values
between the range 0 and 1 were calculated by:

Fli] — Foin

Fmax _'Fmin

Fyli] =

where F[i], Fmin and Fmax represent measured, mini-
mum and maximum value of radiomic feature respec-
tively. The normalized radiomic features were analyzed in
their sample groups for the five repeated scans.

Data analysis of repeatability and reproducibility

Radiomic features were considered stable if post hoc
tests from univariate analysis of variance did not reveal
significant differences between VMIs. Repeatability
was defined as feature stability between five repeated
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phantom scans with the same reconstruction settings.
While reproducibility was the feature stability calculated
between different VMIs in the same scan (phantom or
patient, respectively). The percentage of stable radiomic
features of all 93 tested features was used for reporting
repeatability or reproducibility.

Furthermore, for reproducibility, the percentage devia-
tion of the normalized values from different VMIs were
compared to the normalized values from the lowest VMI
(40 keV) in our study.

From previous literature, twelve radiomic features
have demonstrated stability between VMIs ranging from
40 to 120 keV on PCD-CT scans between different
organs (firstorder_Entropy, glem_Differenceentropy,
glem_Jointentropy, gldm_DependenceEntropy, gldm_
DependenceNonUniformity, gldm_DependenceNonU-
niformityNormalized, gldm_GrayLevelNonUniformity,
glrlm_GrayLevelNonUniformity, glrlm_RunLengthNon-
Uniformity, glrlm_RunLengthNonUniformityNormalized,
glrlm_ShortRunEmphasis, ngtdm_Coarseness) [21]. We
also specifically examined these preselected features
according to our phantom study via intraclass correla-
tion coefficients (ICC) calculations.

Statistical analysis

Statistical analysis was performed with software pack-

ages (SPSS Statistics, version 21.0, IBM Corp Armonk,

NY; R, version 4.2.2, The R Foundation for Statistical

1.000.000
100.000
10.000

1.000

100

-100

Values range of all radiomics features

-1.000

-10.000

Scan 1 Scan 2
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Computing, Vienna, Austria with RStudio, 2022.07.2,
Boston, MA, USA with the packages tidyverse [22]
and ggplot2 [23], and Excel, version 16.64, Microsoft
Corporation, Redmond, WA). For normally distrib-
uted data, tested with the Kolmogorov-Smirnov test,
mean + standard deviation was utilized, while for non-
normally distributed data, median with interquartile
range was utilized. Variables classified as categorical
were presented as frequencies and proportions. The
difference between radiomic features were compared
with a paired samples ANOVA t-test and the corre-
sponding post hoc tests. A p value < 0.05 was consid-
ered as statistically significant difference and therefore
interpreted as unstable feature between different VMIs.
Two-way mixed ICC was used to assess the degree of
agreement between distinct VMIs, and the agreement
was interpreted as follows: < 0.39, poor agreement; 0.4
to 0.59, moderate agreement; 0.6 to 0.74, good agree-
ment; and > 0.75 excellent agreement [24, 25].

Results

Phantom repeatability analysis

In a logarithmic boxplot, all 93 radiomic features from
the three different organic phantoms and five repeated
scans showed no significant differences to each other
(Fig. 3). Respective ICCs across all VMIs yielded excel-
lent values in repeatability between the different scans
(apples ICC = 1.00, oranges ICC = 1.00, and onions

Scan 3 Scan 4 Scan 5

Fig. 3 Logarithmically scaled box plots showing repeatability of radiomic features between the five phantom scans
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ICC =1.00). Additionally, the repeatability for the 70 keV
VMI for all three samples over the five repeated scans is
shown through scatter plots (Supplemental Figure S1).

Phantom reproducibility analysis

The different samples did not show a substantial repro-
ducibility among the different VMIs (mean reproducibil-
ity of all samples: 34.9 %, Fig. 4). The highest values found
with 49.5% (apples, 55 versus 120 keV), 48.4% (oranges,
120 versus 190 keV), and 50.5% (onions, 55 versus
120 keV). Additionally, the reproducibility compared to
the 40 keV VMI for all three samples is shown in scatter
plots (Supplemental Figure S2).

Preselected features reproducibility analysis

The previous described twelve stable radiomic features
were tested for reproducibility between six different
VMIs on the organic phantom. Excellent agreements
with ICC values above 0.75 were seen in comparisons

Oranges

120 vs 190 keV
90 vs 190 keV

35.5%
90vs 120 keV IEEEEGEG_—_—_—_—_—_IIIIU 20.4%
70vs 190 keV EEEEEE———— 19.4%
70 vs 120 keV
70 vs 90 keV

40.9%
398%

55vs 190 keV EEEEEEE————— 19.4%

55vs 120 keV I 5.5%
55 vs 90 keV
55 vs 70 keV
40vs 190 keV  IEEEEEEE———— 24, 7%

40vs 120 keV I 6. 9%
40vs90keV I 20.7%

40 vs 70 keV 30.1%
40vs S5 keV I 26.9%

37.6%

33.3%

Onions

120 vs 190 keV
90 vs 190 keV
90 vs 120 keV
70 vs 190 keV
70 vs 120 keV
70 vs 90 keV
55 vs 190 keV
55 vs 120 keV
55 vs 90 keV
55 vs 70 kev
40vs 190 keV IEEEEEEE————— 20.4%
40vs 120 keV I 7%

35.5%

33.3%
36.6%

40vsS0keV IEEEEEEE————— 21.5%
40vs 70 keV IS 16.1%
40vsSSkeV IEEEE———— 17.2%

o% 20% ao% 0%
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with both VMI > 90 keV. Comparisons of 90 versus
120 keV (apples = 11 (91.7%), oranges = 10 (83.3%),
onions = 11 (91.7%)), 90 versus 190 keV (apples = 11
(91.7%), oranges = 10 (83.3%), onions = 6 (50.0%)), and
120 versus 190 keV (apples = 11 (91.7%), oranges = 11
(91.7%), onions = 9 (75.0%)) showed excellent (> 0.75)
ICC values of the twelve preselected features.

At VMIs > 90 keV (90 versus 120 keV, 90 versus
190 keV, and 120 versus 190 keV), 91.7% of radiomic
features were stable, whereas below 90 keV (40 versus
70 keV, 40 versus 90 keV, 40 versus 120 keV, and 40 versus
190 keV), only 8.3% were stable. This illustrates a trend
that a higher percentage of radiomic features was stable
at higher VMIs (> 90 keV) and VMIs in close proxim-
ity of each other (i.e., 90 versus 120 keV: 32/36, 88.9%)
than at VMIs with a greater keV difference (i.e., 40 ver-
sus 120 keV: 4/36, 11.1%). The summation/percentage
values (Table 2) and the individual values (Supplemental
Table S1) are shown in the corresponding tables.

Apples

120 vs 190 keV
90 vs 190 keV
90 vs 120 keV

46.2%

344%
37.6%

70vs 190 keV I 26 9%
70vs 120 keV
70 v 90 keV
55 vs 190 keV
55 vs 120 keV
55 vs 90 keV
55 vs 70 keV

36.6%

48.4%
49.5%
48.4%

41.9%
40 vs 190 keV
40 vs 120 keV
40 vs 90 keV
40 vs 70 keV
40 vs 55 keV

34.4%
38.7%
36.6%

31.2%
31.2%

0% 0% 0% 60%

All samples

120 vs 190 keV
90 vs 190 keV
90 vs 120 keV
70 vs 190 keV
70 vs 120 keV

70 vs 90 keV
55 vs 190 keV
55 vs 120 keV

55 vs 90 keV

55 vs 70 keV

434%

373%
35.8%

41.2%
423%
39.1%
419%
39.8%
373%

40vs 190 keV I 26.5%
40vs 120 keV 30.1%
4A0vsS0keV I 27.6%

A0vs 70 keV I 25 5%
4A0vsS55keV I 25.1%

o% 20% W% 0%

Fig. 4 Reproducibility of radiomic features between different VMI energies (40, 55, 70, 90, 120, and 190 keV) in oranges, onions, apples, and all
samples. The values are shown as percentage of stable radiomic features out of all 93 features
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Myocardium reproducibility analysis

The study population included a total of 23 patients
(16 men, 69.6 %) with an average age of 65 + 12 years
(mean + standard deviation). The radiation dose of the
CCTA scan had a median CTDI,; of 24.0 (interquartile
range 17.7—50.4) mGy. Details of the study population
are given in Table 3.

The patient cohort also showed a higher percentage
of stable radiomic features between VMI energies com-
parisons > 90 keV (90 versus 120 keV, 77.4%, 90 ver-
sus 190 keV, 83.9%; and 120 versus 190 keV, 89.3%). This
trend decreased with lower VMIs down to 6.5% (40 versus
120 keV, Fig. 5). Close proximity of VMIs did not always
lead to a higher ICC result (e.g,, 40 versus 55 keV, 8.6%).

Table 3 Patient characteristics

N 23

Female (%6) 7(304)

Age (years) 65+12.1

BMI (kg/m?) 301 £7.
Heart rate (bpm) 653+108
CTDlg (mGy) 240(17.7-504)
DLP (mGy*cm) 557.5+384.7

BMI Body mass index, bpm Beats per minute, CTD/ Computer tomography dose
index, DLP Dose length product, PCD-CT Photon-counting detector CT

Values are mean + standard deviation, median (interquartile range), n
(frequencies)
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Interestingly, the lowest VMI at 40 keV resulted in the
lowest correlation values, all under 10% (average 8.0%).

Discussion

This study investigated the difference in radiomic features
derived from various VMI reconstructions in an organic
phantom and a patient cohort scanned on a PCD-CT sys-
tem. The major findings were the following. First, radi-
omic features had an excellent repeatability (ICC = 1.00)
in organic phantoms when using the same acquisition
and reconstruction parameters. Second, while the com-
parison of different VMIs showed inconsistent repro-
ducibility of radiomic features in the organic phantom
samples, there was a higher reproducibility between
higher VMIs (90, 120, and 190 keV) in twelve preselected
radiomic features, as well as in the patient cohort. Third,
VMIs < 90 keV result in decreased ICC values, which
should be considered while using radiomic features. The
knowledge gained from these findings could guide VMI
choice in further clinical studies of radiomic features.

By demonstrating almost perfect repeatability of radi-
omic features within the same VMI, our phantom study
indicates that radiomic features are reliable when using
the same acquisition and reconstruction parameters. Con-
versely, reproducibility was low between different VMIs in
both the phantom and patient measurements. This find-
ing implies that slight modification of the VMI impacts the
characteristics of radiomic features. Furthermore, there

Patients

120 vs 190 keV
90 vs 190 keV
90 vs 120 keV
70 vs 190 keV
70 vs 120 keV

70 vs 90 keV
55 vs 190 keV

I 24.7%

I 14.0%
55vs 120 keV S 10.8%
55 vs 90 keV

55 vs 70 keV

I 10.8%
I 17.2%
40vs 190 keV . 8.6%
40 vs 120 keV
40 vs 90 keV
40 vs 70 keV

40 vs 55 keV

. 6.5%

— 7.5%
I 8.6%
I 8.6%

0% 20% 40%

I 80.2%
. 83.9%
I 77.4%
I 38.7%

I 37.6%

60% 80% 100%

Fig. 5 Reproducibility of radiomic features among different VMI energies (40, 55, 70, 90, 120, and 190 keV) in a single myocardial slice in patients.
The values are shown as percentage of stable radiomic features out of all 93 features
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was no transferability of the same trend from the phan-
tom to patient’s results. A possible reason could be the dif-
ference in textures between the organic phantom and the
myocardium, especially in the presence of contrast agent.
Generally, the agreement between phantom and patient
experiments is limited in the context of radiomic features
and needs to be explored further. Interestingly, we obtained
a stable plateau phase in our patient cohort between VMIs
of 90 and 190 keV. A possible explanation would be that
iodine, as a contrast agent, is an important factor that influ-
ences the radiomic features analysis. At VMIs > 90 keV,
there is minimal change in the attenuation coefficient of
iodine [26], therefore improved reproducibility of the radi-
omic features may be observed. On the other hand, this
study observed the instability of radiomic features at lower
VMIs. At lower VMIs the gap to the attenuation coeffi-
cient of iodine is closer and differences in VMIs may have a
greater impact on the stability of radiomic features.

Euler et al. [12] investigated the impact of different
VMIs on the repeatability and reproducibility of radiomic
features in a phantom on a DECT system. According to
their results, there was a high repeatability of radiomic
features within the same VMI. Repeatability was roughly
80% when acquisition and reconstruction parameters
were kept constant. Similar to our study, the reproduc-
ibility of radiomic features differed between various
VMIs. Increased reproducibility was found in recon-
structions with lower keV differences. This trend was not
evaluated in our phantom or patient study and could be
attributed to several different factors, such as different
statistical methods (concordance—correlation—coefficient
versus ANOVA t-test), different selection of radiomic
features (1218 versus 93) or different CT scanners (EID-
CT versus PCD-CT). However, a common conclusion is
that the use of different VMIs does not reproduce similar
radiomic feature values on EID-CT or PCD-CT.

Mackin et al. [27] investigated inter-scanner variability
of radiomic features generated by four different CT ven-
dors. They conducted a phantom study consisting of 10
different materials imaged in 17 different scan modes. The
results showed that the variability of radiomic features
depended not only on the scanner but also on the acquisi-
tion and reconstruction parameters. This study highlights
the importance of consistent image settings for the repro-
ducibility of radiomic features on EID-CT, which is sup-
ported by other similar studies in the literature [28-33].

While most image settings need to remain constant
to achieve high radiomic feature reproducibility, other
settings such as tube current can be changed without
substantial effect of radiomic feature values. An organic
phantom study by Hertel et al. [34] demonstrated a test-
retest stability of 75% of the radiomic features between
different radiation dose values (10 mAs, 50 mAs, and
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100 mAs). Their study demonstrated that reproducibil-
ity of radiomic features was not substantially affected by
changes in radiation dose.

Conversely, when image settings such as kernel or spa-
tial resolution change, there is a fundamental decrease in
radiomic feature reproducibility. For example, Dunning
et al. [35] demonstrated that 13 of 14 relevant radiomic
features differed by more than 50% between PCD- and
EID-CT. Further, Tharmaseelan et al. [21] demonstrated
that VMI (40-120 keV in 10 steps) has an important
impact on radiomic feature stability in various abdominal
tissue (liver, lung, spleen, psoas muscle and subcutane-
ous fat). Of the 93 features analyzed in their study, only
12 had ICC values > 0.75 in three or more organs. Addi-
tionally, different tissues had different features with the
best reproducibility. Interestingly, the twelve radiomic
features with the highest agreement found in the study by
Tharmaseelan et al. [21] did not have high reproducibil-
ity in our study. Perhaps this difference was due to differ-
ent acquisition settings or content of the phantom/tissue
being imaged. Overall, understanding the effect of each
imaging settings on the reproducibility of radiomic fea-
tures is critical to gathering information that is ultimately
useful in patient management.

Clinical application and clinical decision models may
potentially involve radiomic feature assessment in the
future. Before the implementation of such models, it is
crucial to have a better understanding of the stability of
radiomic features and their influence by disruptive fac-
tors. Our investigation contributes to this knowledge by
exploring the influence of VMIs on the stability of radi-
omic features in a phantom and in human LVM.

Several limitations should be taken into account when
evaluating this investigation. First, a larger patient group
would be beneficial in future studies, as our patient cohort
was limited to 23 individuals. However, large cohort stud-
ies in radiomics are generally rare. Second, patient PCD-
CT scans were acquired with a higher radiation dose
levels than the phantom PCD-CT scans. Radiation dose
was lower for organic phantom scans as we utilized a
clinical protocol with automated dose modulation, which
resulted in a lower value of mAs. Nevertheless, several
aforementioned studies have shown that different radiation
dose levels do not change radiomic feature values substan-
tially [12, 35]. Third, the phantom texture materials differ
from the myocardial texture with contrast enhanced scans,
and therefore the results may not be transferable. Further
investigations with native CT scans have to be investigated,
which were not available in this study. An improved heart
phantom model would be preferable. Fourth, possible vari-
ations in heart rate and other acquisition parameters, such
as breath-hold and positioning, may have an impact on the
patient measurements, but these potential effects were not
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explored in the study. Fifth, this study did not investigate
the relationship between radiomic features and clinical
outcomes, which should be considered in larger clinical
studies. This investigation concentrates on the influence of
VMIs on the stability of radiomic features. Sixth, intra- and
inter-rater reproducibility was not included in the scope
of this study and should be highlighted in further clinical
investigations. Finally, we considered only examinations
from PCD-CT, and these results may not be transferable
to other CT scanners. Further studies are needed to evalu-
ate the influence of different scanner types on radiomic
features.

In conclusion, VMI influences in vitro and in vivo char-
acteristics of radiomic features on PCD-CT, resulting in
a different rate of reproducibility among different VML
There seems to be a better correlation of reproducibil-
ity between higher VMI in myocardial texture. Further
studies are necessary to determine imaging protocols for
optimizing radiomic feature stability on PCD-CT.
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3 Diskussion

Zusammenfassend zeigen die einzelnen Veroffentlichungen, dass die PCD-CT die Beurteilung

der kardialen Strukturen beeinflusst.

Im intraindividuellen Vergleich zwischen PCD- und EID-CT erbrachte die PCD-CT tendenziell
niedrigere Kalzium-Score Werte und ermittelte das Kalzium-Volumen genauer als die EID-CT.
Dies fUhrte zu einer potenziell niedrigeren Risikoklassifizierung von 5,25% der Patienten, die
einen Kalzium-Score durch die EID-CT erhielten. Auch im intraindividuellen Stenosenvergleich
zwischen PCD- und EID-CT erbrachte die PCD-CT tendenziell niedrigere PDS-Werte.
Dadurch verbunden kam es zu einer potenziell niedrigeren CAD-RADS Klassifizierung von
17,4% der Patienten. Zudem konnte gezeigt werden, dass unterschiedliche VMI Level in der
PCD-CT einen Einfluss auf die Stenosequantifizierung haben. Hohere VMI Level steigerten
die Genauigkeit bei der Bewertung von kalzifizierten (100 keV) und gemischten (140 keV)
Plaques, wahrend niedrigere VMI Level (40 keV) sich besser fur die Beurteilung von nicht-
kalzifizierten Plaques eigneten. Blooming-Artefakte verringerten sich bei kalzifizierten und

gemischten Plaques durch das Erhéhen der VMI Level.

Ebenfalls wurde die Variabilitat von Radiomics-Merkmalen durch unterschiedliche VMI Level
in der PCD-CT beeinflusst. Dabei zeigte sich eine exakte Reliabilitat bei gleichen Akquisitions-
und Rekonstruktionsparametern. Bei unterschiedlichen VMI Leveln verringerte sich jedoch
erheblich die Reproduzierbarkeit. Dies legt nahe, dass bereits leichte Anpassungen der VMI
Level signifikante Auswirkungen auf die Charakteristiken der Radiomics-Merkmale haben.
Allerdings wurde eine verbesserte Reproduzierbarkeit zwischen héheren VMI Leveln (90, 120
und 190 keV) beobachtet.

Die Verwendung einer PCD-CT in Kombination mit spezifischen VMI Leveln kann zu einer
praziseren Quantifizierung von kardialen Strukturen, insbesondere der Koronargefalle, fuhren.
Die Relevanz der CCTA fir die klinische Risikobewertung und den
Entscheidungsfindungsprozess lasst sich dadurch steigern. Dies konnte durch die
beschriebenen Ergebnisse gezeigt und evaluiert werden. Dennoch sind weitere klinische
Studien notwendig, um optimale Protokolle fiur die PCD-CT zu entwickeln und deren Einfluss
auf die Risikoklassifizierung sowie die Ableitung von Therapieempfehlungen fir Patienten

genauer zu bestimmen.

Zudem wird aktuell an weiteren Rekonstruktionsmaoglichkeiten geforscht, um eine genauere
Stenosemessung zu ermdglichen. Ein innovativer Bildrekonstruktionsalgorithmus, wie Virtual
Non-Calcium (VNCa), koénnte die Genauigkeit der Stenosebeurteilung in der PCD-CT
signifikant erhdhen. Dadurch werden kalkhaltige Plaques virtuell subtrahiert und das

kontrastmittelgeflillte Gefal® besser sichtbar gemacht. Allmendinger et al. haben diese
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Methode bereits in einer Phantomstudie untersucht und festgestellt, dass VNCa-
Rekonstruktionen eine prazisere Stenoseklassifizierung ermdglichen als die herkdmmliche
monoenergetische Rekonstruktion in der PCD-CT (27). Zudem verdeutlichte sich auch in einer
Studienkohorte, dass VNCa-Rekonstruktionen, anders als VMI-Rekonstruktionen im Vergleich

zur QCA keine Uberschatzung von Stenosen erzielten (28).

Die Stenosebewertung kann in Zukunft durch die Anwendung des Ultra-high Resolution (UHR)
Modus (0,2 mm Schichtdicke) der PCD-CT verbessert werden. Durch die hdhere raumliche
Auflésung kann das Kalzium-Blooming verringert und somit die Bildqualitdt von starken
Verkalkungen erhoht werden. In dynamischen Phantomexperimenten fiuhrten UHR-
Rekonstruktionen zu praziseren Stenosequantifizierungen im Vergleich zu Aufnahmen mit der
Standardauflésung (0,6 mm Schichtdicke) (29). Die erhéhte diagnostische Prazision von UHR
konnte auch in Patientenstudien belegt werden. Die UHR-CCTA identifizierte Stenosen (>
50%) im Vergleich zur ICA mit einer Sensitivitdt von 96% (30). Eine weitere Patientenstudie
unterstrich die genauere Stenosequantifizierung mittels UHR verglichen zur
Standardauflésung. Dieser Unterschied fuhrte zu einer Reklassifizierung von rund 54% der
Patienten in eine niedrigere CAD-RADS Klasse (31). Zukunftige Studien sind erforderlich, um
VMI und UHR im Kontext der Stenosebeurteilung zu vergleichen und somit ein besseres
Verstandnis dieser beiden Rekonstruktionsmethoden zu gewinnen. Kunftige Updates der
PCD-CT sollen sicherstellen, dass UHR-, VMI- und VNCa-Rekonstruktionen standardmafig
nach jedem CT-Scan verfiigbar sind. Derzeit ist es noch nicht moglich, spektrale EKG-

getriggerte Daten in UHR-Auflésung zu erzeugen.

Jedoch weist UHR bestimmte Nachteile auf wie eine hdhere Strahlenexposition und eine
eingeschrankte Abdeckung in z-Richtung. Eine vorherige Studie zeigte, dass zur Erzielung der
gleichen Kontrastaufloésung mit UHR im Vergleich zur Standardauflésung eine 23% hohere
Strahlendosis erforderlich ist (32). Daraus ergibt sich, dass UHR bei jungen Patienten und bei
Patienten mit nur geringfligigen oder nicht-kalzifizierten Plaques, nicht angewendet werden
sollte. Aufgrund der geringeren z-Coverage treten zudem vermehrt Step-Artefakte auf, die

jedoch durch neuartige Algorithmen verhindert werden kénnen (33).

Insgesamt zeigt sich, dass die Anwendung der PCD-CT und optimierter VMI Level einen klaren
Vorteil in der Herzbildgebung bietet und somit eine verbesserte Einschatzung der

Kalzifizierungen in der KHK ermdglicht.

47



Literaturverzeichnis

10.

11.

Literaturverzeichnis

Malakar AK, Choudhury D, Halder B, Paul P, Uddin A, Chakraborty S. A review on
coronary artery disease, its risk factors, and therapeutics. J Cell Physiol.
2019;234(10):16812-23.

Moss AJ, Williams MC, Newby DE, Nicol ED. The Updated NICE Guidelines: Cardiac
CT as the First-Line Test for Coronary Artery Disease. Curr Cardiovasc Imaging Rep.
2017;10(5):15.

Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, et al. 2019
ESC Guidelines for the diagnosis and management of chronic coronary syndromes.
Eur Heart J. 2020;41(3):407-77.

Willemink MJ, Persson M, Pourmorteza A, Pelc NJ, Fleischmann D. Photon-counting
CT: Technical Principles and Clinical Prospects. Radiology. 2018;289(2):293-312.

Flohr T, Petersilka M, Henning A, Ulzheimer S, Ferda J, Schmidt B. Photon-counting
CT review. Phys Med. 2020;79:126-36.

van der Bie J, van Straten M, Booij R, Bos D, Dijkshoorn ML, Hirsch A, et al. Photon-
counting CT: Review of initial clinical results. Eur J Radiol. 2023;163:110829.

Mergen V, Eberhard M, Manka R, Euler A, Alkadhi H. First in-human quantitative
plaque characterization with ultra-high resolution coronary photon-counting CT
angiography. Front Cardiovasc Med. 2022;9:981012.

Mergen V, Sartoretti T, Baer-Beck M, Schmidt B, Petersilka M, Wildberger JE, et al.
Ultra-High-Resolution Coronary CT Angiography With Photon-Counting Detector CT:
Feasibility and Image Characterization. Invest Radiol. 2022;57(12):780-8.

Vattay B, Szilveszter B, Boussoussou M, Vecsey-Nagy M, Lin A, Konkoly G, et al.
Impact of virtual monoenergetic levels on coronary plaque volume components using
photon-counting computed tomography. Eur Radiol. 2023;33(12):8528-39.

Zsarnoczay E, Varga-Szemes A, Emrich T, Szilveszter B, van der Werf NR,
Mastrodicasa D, et al. Characterizing the Heart and the Myocardium With Photon-
Counting CT. Invest Radiol. 2023;58(7):505-14.

Divakaran S, Cheezum MK, Hulten EA, Bittencourt MS, Silverman MG, Nasir K, et al.
Use of cardiac CT and calcium scoring for detecting coronary plaque: implications on
prognosis and patient management. Br J Radiol. 2015;88(1046):20140594.

48



Literaturverzeichnis

12.

13.

14.

15.

16.

17.

18.

19.

20.

Biavati F, Saba L, Boussoussou M, Kofoed KF, Benedek T, Donnelly P, et al. Coronary
Artery Calcium Score Predicts Major Adverse Cardiovascular Events in Stable Chest
Pain. Radiology. 2024;310(3):e231557.

Tummala R, Han D, Friedman J, Hayes S, Thomson L, Gransar H, et al. Association
between plaque localization in proximal coronary segments and MACE outcomes in
patients with mild CAC: Results from the EISNER study. Am J Prev Cardiol.
2022;12:100423.

Vakil P, Wen Z, Lima AS, Weber EJ, Kallianos KG, Elicker BM, et al. Predictive Value
of Coronary Artery Calcium in Patients Receiving Computed Tomography Pulmonary
Angiography for Suspected Pulmonary Embolism in the Emergency Department. J
Thorac Imaging. 2022;37(5):279-84.

Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ, et al.
2019 ACC/AHA Guideline on the Primary Prevention of Cardiovascular Disease:
Executive Summary: A Report of the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines. J Am Coll Cardiol.
2019;74(10):1376-414.

Obisesan OH, Osei AD, Uddin SMI, Dzaye O, Blaha MJ. An Update on Coronary Artery
Calcium Interpretation at Chest and Cardiac CT. Radiol Cardiothorac Imaging.
2021;3(1):e200484.

Wu FZ, Wu MT. 2014 SCCT guidelines for the interpretation and reporting of coronary
CT angiography: a report of the Society of Cardiovascular Computed Tomography
Guidelines Committee. J Cardiovasc Comput Tomogr. 2015;9(2):e3.

Cury RC, Leipsic J, Abbara S, Achenbach S, Berman D, Bittencourt M, et al. CAD-
RADS 2.0 - 2022 Coronary Artery Disease-Reporting and Data System: An Expert
Consensus Document of the Society of Cardiovascular Computed Tomography
(SCCT), the American College of Cardiology (ACC), the American College of Radiology
(ACR), and the North America Society of Cardiovascular Imaging (NASCI). JACC
Cardiovasc Imaging. 2022;15(11):1974-2001.

Saraste A, Knuuti J. Evaluation of coronary artery disease after computed tomography

angiography. Eur Heart J Cardiovasc Imaging. 2018;19(4):378-9.

Gueret P, Deux JF, Bonello L, Sarran A, Tron C, Christiaens L, et al. Diagnostic
performance of computed tomography coronary angiography (from the Prospective
National Multicenter Multivendor EVASCAN Study). Am J Cardiol. 2013;111(4):471-8.

49



Literaturverzeichnis

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Song YB, Arbab-Zadeh A, Matheson MB, Ostovaneh MR, Vavere AL, Dewey M, et al.
Contemporary Discrepancies of Stenosis Assessment by Computed Tomography and

Invasive Coronary Angiography. Circ Cardiovasc Imaging. 2019;12(2):e007720.

Arendt CT, Czwikla R, Lenga L, Wichmann JL, Albrecht MH, Booz C, et al. Improved
coronary artery contrast enhancement using noise-optimised virtual monoenergetic
imaging from dual-source dual-energy computed tomography. Eur J Radiol.
2020;122:108666.

Stehli J, Clerc OF, Fuchs TA, Possner M, Grani C, Benz DC, et al. Impact of
monochromatic coronary computed tomography angiography from single-source dual-

energy CT on coronary stenosis quantification. J Cardiovasc Comput Tomogr.
2016;10(2):135-40.

Gillies RJ, Kinahan PE, Hricak H. Radiomics: Images Are More than Pictures, They Are
Data. Radiology. 2016;278(2):563-77.

Mayerhoefer ME, Materka A, Langs G, Haggstrom |, Szczypinski P, Gibbs P, et al.
Introduction to Radiomics. J Nucl Med. 2020;61(4):488-95.

Euler A, Laqua FC, Cester D, Lohaus N, Sartoretti T, Pinto Dos Santos D, et al. Virtual
Monoenergetic Images of Dual-Energy CT-Impact on Repeatability, Reproducibility,

and Classification in Radiomics. Cancers (Basel). 2021;13(18).

Allmendinger T, Nowak T, Flohr T, Klotz E, Hagenauer J, Alkadhi H, et al. Photon-
Counting Detector CT-Based Vascular Calcium Removal Algorithm: Assessment Using
a Cardiac Motion Phantom. Invest Radiol. 2022;57(6):399-405.

Mergen V, Rusek S, Civaia F, Rossi P, Rajagopal R, Battig E, et al. Virtual calcium
removal in calcified coronary arteries with photon-counting detector CT-first in-vivo
experience. Front Cardiovasc Med. 2024;11:1367463.

Zsarnoczay E, Fink N, Schoepf UJ, O'Doherty J, Allmendinger T, Hagenauer J, et al.
Ultra-high resolution photon-counting coronary CT angiography improves coronary
stenosis quantification over a wide range of heart rates - A dynamic phantom study.
Eur J Radiol. 2023;161:110746.

Hagar MT, Soschynski M, Saffar R, Rau A, Taron J, Weiss J, et al. Accuracy of
Ultrahigh-Resolution Photon-counting CT for Detecting Coronary Artery Disease in a
High-Risk Population. Radiology. 2023;307(5):e223305.

Halfmann MC, Bockius S, Emrich T, Hell M, Schoepf UJ, Laux GS, et al. Ultrahigh-
Spatial-Resolution Photon-counting Detector CT Angiography of Coronary Artery
Disease for Stenosis Assessment. Radiology. 2024;310(2):e231956.

50



Literaturverzeichnis

32.

33.

Oostveen LJ, Boedeker KL, Brink M, Prokop M, de Lange F, Sechopoulos I. Physical
evaluation of an ultra-high-resolution CT scanner. Eur Radiol. 2020;30(5):2552-60.

Moser LJ, Mergen V, Allmendinger T, Manka R, Eberhard M, Alkadhi H. A Novel
Reconstruction Technique to Reduce Stair-Step Artifacts in Sequential Mode Coronary
CT Angiography. Invest Radiol. 2024;59(9):622-8.

51



Danksagung

5 Danksagung

Zunachst moéchte ich meinem Doktorvater, Prof. Dr. Karl-Friedrich Kreitner, sowie meinem
Betreuer, Dr. Tilman Emrich, fir die hervorragende Betreuung und ihre Unterstitzung bei

samtlichen wissenschaftlichen Fragestellungen herzlich danken.

Mein besonderer Dank gilt zudem Dr. Moritz Halfmann, Prof. Dr. U. Joseph Schoepf, Prof. Dr.
Dr. Akos Varga-Szemes und Prof. Dr. Michaela Hell fur ihre fachliche Expertise und die

Gelegenheit zur aktiven Mitarbeit an Forschungsprojekten.

Ich danke auflerdem dem gesamten Team der Klinik und Poliklinik fur Diagnostische und
Interventionelle Radiologie der Universitatsmedizin Mainz fir die stetige Begleitung, der
Division of Cardiovascular Imaging der Medical University of South Carolina fir die
Ermdglichung meines Forschungsaufenthalts sowie dem Zentrum fir Kardiologie in Mainz fur

die interdisziplinare Zusammenarbeit im Rahmen des Forschungsprojekts.

Far die finanzielle Unterstutzung danke ich der Studienstiftung des deutschen Volkes, dem
Doktorandenstipendium des MAInz-DOC Promotionskollegs sowie dem Kaltenbach-

Doktorandenstipendium der Deutschen Herzstiftung.

AbschlieRend danke ich meiner Familie und meinen Freunden von Herzen flr ihren

bestandigen Ruckhalt wahrend der gesamten Promotionszeit.

52



Tabellarischer Lebenslauf

6 Tabellarischer Lebenslauf

53



Tabellarischer Lebenslauf

54



