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Abbreviations  
 
ACC  American College of Cardiology  
ACS  Acute coronary syndrome 
AHA  American Heart Association 
AIT  Adaptive intimal thickening 
AUC  Area under the receiver-operator characteristics curve 
BMI  Body mass Index 
BP  Blood pressure 
CAD  Coronary artery disease 
CAD-RADS Coronary artery disease - reporting and sata system 
CAV  Cardiac allograft vasculopathy 
CI  Confidence interval  
CFD  Computational fluid dynamics 
CM  Contrast media 
CNR  Contrast to noise ratio 
CP  Calcified plaque 
CT   Computed tomography 
CTA   Computed tomography angiography 
CV  Coefficient of variation 
CX  Circumflex coronary artery 
DICOM Digital imaging and communications in medicine 
DZ  Dizygotic 
EAT  Epicardial adipose tissue 
ECG   Electrocardiogram 
EDS  Effective luminal diameter stenosis 
EDTA  Ethylenediaminetetraacetic acid 
EFA  Early fibroatheroma  
ELISA  Enzyme-linked immunosorbent assays 
ESS  Endothelial shear stress 
FBP  Filtered back projection 
FDA  Food and Drug Administration 
FFR  Fractional flow reserve 
Fib   Fibrous plaque  
GLCM  Gray level co-occurrence matrix 
GLRLM  Gray level run length matrix 
GWAS  Genome-wide association studies 
H&E  Hematoxylineosin 
HIR  Hybrid iterative reconstruction 
HR   Heart rate 
HU  Hounsfield units 
hsCRP  High-sensitivity c-reactive protein 
HTX  Heart transplantation 
ICA  Invasive coronary angiography 
ICC  Intraclass correlation coefficient 
IMR  Iterative model reconstruction 
IQR  Interquartile range 
IRB  Institutional review board 
IV  Intravenous  
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IVUS  Intravascular ultrasound 
LAD  left anterior descending artery 
LDL  Low-density lipoprotein 
LFA  Late fibroatheroma 
LM  Left main coronary artery 
MACE  Major adverse cardiovascular event 
MCP-1  Monocyte chemoattractant protein 1 
MDCT  Multidetector-row computed tomography 
MESA  Multiethnic Study of Atherosclerosis  
MI  Myocardial infarction 
MZ  Monozygotic 
NCP  Non-calcified plaque 
NCEP ATP National Cholesterol Education Program Expert Panel on Detection, Evaluation, 

and Treatment of High Blood Cholesterol in Adults 
NICE  National Institute for Health and Care Excellence 
NRS  Napkin-ring sign 
OR  Odds ratio 
OCT  Optical coherence tomography 
OFDI  Optical frequency domain imaging 
PAI-1  Plasminogen activator inhibitor-1 
PAP       Plaque attenuation pattern 
PCP  Partially calcified plaque 
PIT  Pathological intimal thickening 
RCA  Right coronary artery 
RIA  Radiomics Image Analysis 
ROC  Receiver operating characteristics 
ROI  Region of interest 
SAP  Stable angina pectoris 
SCCT  Society of Cardiovascular Computed Tomography 
SD  Standard deviation 
SE  Semmelweis Egyetem  
SIS  Segment involvement score 
SISi  Segment involvement score index 
SSS  Segment stenosis score 
SSSi  Segment stenosis score index 
TCFA  Thin-cap fibroatheroma 
TNFα  Tumor necrosis factor α 
TUKEB Tudományos és Kutatásetikai Bizottság 
VAT  Visceral adipose tissue 
VH-IVUS Virtual histology intravascular ultrasound  
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1 Introduction  
 

Atherosclerosis of the coronary arteries is the leading cause of morbidity and mortality 

in industrialised nations.1 The most dreadful manifestation of coronary artery disease (CAD) is 

myocardial infarction (MI) or sudden cardiac death with the underlying mechanism of 

vulnerable plaque rupture and subsequent intracoronary thrombus formation. Acute MI and 

sudden cardiac death remain the first manifestations of CAD in the majority of the population.2 

Most individuals do not, therefore, experience any symptoms or warning signs before the 

coronary event (acute coronary syndromes [ACS] or sudden cardiac death) occurs. 

The number of people who die from cardiovascular diseases, mainly from coronary 

heart disease and stroke, will increase to reach 23.3 million by 2030 from an estimated 17.3 

million deaths in 2008. Cardiovascular diseases are projected to remain the single leading cause 

of death by 2030 globally.3 Cardiovascular diseases are the largest single cause of death, 

accounting for about 3.8 million deaths each year, or 45% of all deaths across European Society 

of Cardiology member countries. Ischemic heart disease was the leading cause, responsible for 

1.7 million deaths (20% of all deaths) with stroke responsible for 970 391 deaths (11% of all 

deaths). After cardiovascular diseases, cancer was the next most common cause of death 

accounting for 1.9 million cases or 23% of all deaths.4. The age-standardised death rates per 

100 000 from ischemic heart disease is approximately 400 in Hungary, whereas the death rate 

is below 100 in France.4  

Diseases of the heart and circulatory system have major human as well as economic 

costs, mainly due to the fact that cardiovascular disease are being responsible for the largest 

number of premature deaths before the age of 75 years. Importantly, cardiovascular disease 

causes a greater proportion of deaths among women (51%) than men (42%) overall. Almost 

half of these deaths were due to coronary heart disease alone. Coronary artery disease is 

estimated to cost the European economy €60 billion a year. Of the total cost of CAD in the 

European Union, around 33% is due to direct health care costs, 29% to productivity losses and 

38% to the informal care of people with CAD. 

Considerable efforts are ongoing to predict where acute coronary events will happen on 

an individual plaque level. Histological investigations have revealed three distinct features of 

plaques associated with acute coronary events: rupture; erosion; and calcified nodule.5 

Two-thirds of luminal thrombi in acute events result from ruptured atherosclerotic lesions 

characterized by a necrotic core covered by a thin layer of fibrous cap.5 Plaques vulnerable to 
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rupture might have the same morphological characteristics as ruptured plaques, but with an 

intact thin fibrous cap.6 These lesions - termed thin-cap fibroatheroma (TCFA), with a cap 

thickness of <65 μm—are considered to be the precursor lesions of plaque rupture, and referred 

to as ‘vulnerable plaques’.5 

Preventing acute coronary events by identifying patients at risk seems to be the only 

effective strategy to reduce the burden of cardiovascular disease and improve mortality and 

morbidity rates. The mechanisms leading to adverse events from atherosclerotic disease are 

clearly more complex than initially assumed, explaining our difficulties in accurately predicting 

myocardial infarction at an individual level. Traditional risk assessment strategies such as the 

Framingham risk score has been shown to predict 10-year risk of MI; however, the prediction 

at an individual level is quite poor. Furthermore, it is challenging for the clinicians and patients 

alike to conceptualise and act upon a 10-year risk estimate. Therefore, we must strive for 

personalized risk assessment that integrates specific imaging information on the atherosclerotic 

plaques and systemic factors that increase the risk for disease activity and vascular thrombosis. 

Next generation CAD phenotyping using advanced imaging techniques could improve our 

understanding of  the atherosclerotic disease process and enable efficient triaging of patients 

into treatment categories ranging from continued risk factor control to coronary arterial 

revascularization.7,8 Therefore, the main goals of my research work reflect these notions. In all 

research projects that I have been involved with or lead since my PhD degree have focused on 

four main topics: 1) improving the quality and safety of coronary CTA imaging, 2) improving 

the ability of coronary CTA to identify the high-risk plaque and high-risk patients, 3) assessing 

complex interactions between adipose tissue compartments and coronary artery disease and 4) 

improving the communication of coronary CTA results with referring physicians. The structure 

of my doctoral thesis follows this course of thoughts and reflects my research path.  
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2 Background 

2.1 Cardiac CT: technical developments and challenges  

 

After the first description of CT angiography (CTA) in 1992,9,10 further technological 

advances, such as: more powerful X-ray tubes, faster gantry rotation times, multiple parallel 

detector rings and decreased slice thickness were introduced,11,12 that allowed the visualization 

of the coronary arteries.13 Coronary CTA has emerged as a non-invasive alternative to invasive 

coronary angiography (ICA) for the diagnosis of obstructive CAD. With its excellent sensitivity 

and negative predictive value,14,15 coronary CTA is a robust diagnostic test to rule out severe 

coronary stenosis and it is widely used as a “gate-keeper” for ICA.16,17 Multidetector-row CT 

(MDCT) permits imaging of calcified coronary atherosclerotic plaque using native scan and the 

additional detection of noncalcified plaque and luminal narrowing by using contrast-enhanced 

image acquisition.18 The newest MDCT technology with gantry rotation times of 240-350 

milliseconds, temporal resolution of 75-106 milliseconds, coverage in z-direction of 3.2-16 cm, 

and isotropic resolution of 0.4 mm now provides technical prerequisites for coronary 

atherosclerotic plaque imaging. Thus, research targeting the qualitative and quantitative 

assessment of coronary plaque, including assessment of plaque size, composition, and 

remodelling became feasible.  

Coronary CTA permits the non-invasive evaluation of the coronary atherosclerotic 

plaque, not just the coronary lumen.19 Coronary CTA provides information regarding the 

coronary tree and atherosclerotic plaques beyond simple luminal narrowing and plaque type 

defined by calcium content.18,19 These novel applications will improve image guided 

prevention, medical therapy, and coronary interventions. The ability to interpret coronary CTA 

images beyond the coronary lumen and stenosis is of utmost importance as we develop 

personalized medical care to enable therapeutic interventions stratified on the basis of CAD 

characteristics.  

Coronary CTA with its high sensitivity and high negative predictive value is an 

established diagnostic tool for the evaluation of coronary artery disease.20 Despite the great 

advances in scanner technology, the image quality remains highly dependent on heart rate (HR) 

and the regularity of cardiac rhythm.21,22 Current guidelines recommend that HR should be <65 

beats/min and optimally <60 beats/min to achieve excellent image quality and low effective 

radiation dose.23 Metoprolol is the first-line intravenous (IV)   b-blocker for HR lowering in 
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patients undergoing coronary CTA.24 However, a recent survey has revealed that 50% of centers 

allow an HR >70 beats/min for coronary CTA, mainly because of concerns regarding potential 

side effects of b-blocker administration (mainly hypotension and bradycardia).25 The half-life 

of IV metoprolol is approximately 3 to 7 hours; therefore, if adverse effect occurs as a result of 

the HR-lowering medication, it may debilitate the patient for hours. These data indicate the 

need for a safe, short-lasting HR control in the scanner rooms.20 

Esmolol is an ultrashort-acting cardioselective IV b-receptor blocking agent with a rapid 

onset (within 2-3 minutes) and ultrashort duration of action (mean half-life [t1/2]= 9 minutes).26 

The rapid onset and offset of effects of esmolol provide an element of safety not previously 

available with longer-acting  b-adrenoceptor antagonists.27 During coronary CTA, short and 

effective HR control is desirable; therefore, esmolol might be a good alternative to the standard 

of care metoprolol. There is a lack of evidence regarding the efficacy and safety of IV esmolol 

administered in a body weight-independent simplified protocol. Furthermore, no direct 

comparison of esmolol vs metoprolol administration for HR control during coronary CTA is 

available.  

The other crucial factor in coronary CTA image acquisition is the proper iodinated 

contrast media (CM) enhancement of the coronaries and the left side of the heart. Therefore, 

high flow rate injection, high concentration and relatively large volume of CM is used in daily 

practice. However, the highly viscous iodinated CM and the high injection flow rate increase 

the risk of vessel wall injury resulting in CM extravasation. Contrast media extravasation is a 

well-known complication of CTA, with an incidence rate of 0.3–1.3%.28-33 In case of CM 

extravasation, image quality is deteriorated due to insufficient intraluminal attenuation, leading 

to an increased number of repeated CTA examinations, which results in extra radiation doses, 

additional CM load and increased costs.34,35 Extravasation usually resolves without any serious 

complications; however, in some instances it can lead to severe injuries.36 CM has toxic effects 

on perivascular tissues that may trigger acute and chronic local inflammatory response, tissue 

necrosis or compartment syndrome.31,32,37,38 It has been shown that female gender, elderly age, 

history of chemo- or radiotherapy, low muscle volume and peripheral locations other than the 

cubital region as injection site increase the risk of CM extravasation.29,30,39 Three-phasic CM 

injection-protocol is widely used to achieve optimal attenuation during coronary CTA, which 

results in high contrast enhancement in the left side of the heart and in a lower enhancement in 

the right.40,41 The traditional three-phasic injection-protocol starts with a high flow rate CM 

injection (>5 ml/s), continues with a mixture of CM and saline, and finishes with a saline chaser 
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bolus. The relatively large quantity of high viscosity CM could place an increased strain on the 

vein’s wall, which increases the risk of extravasation. Extending the three-phasic injection-

protocol with an initial slower saline flux of pacer bolus right before CM administration may 

open the possibly collapsed vein lumen with less stress on the vessel wall, thus when the 

contrast material enters the lumen with a higher flow rate, the already pre-dilated lumen is less 

likely to rupture.  

The third factor that greatly influences coronary CTA image quality is linked to the 

image reconstruction techniques. Image quality is especially important in quantitative plaque 

assessment. Automated plaque quantification with coronary CTA allows highly reproducible 

assessment of plaque dimensions, however its performance is influenced by image quality.42-44 

Most coronary CTA studies have been reconstructed with noise prone filtered back projection 

(FBP). With hardware evolution, vendors facilitated the introduction of computationally intense 

iterative image processing techniques, potentiating low-dose CT imaging with improved image 

quality.45-48 Hybrid iterative reconstruction (HIR) utilizes statistic-model based denoising both 

in raw and image domains, providing up to 55% noise reduction for cardiac image acquisition 

at standard tube settings.49 Moreover, two recent studies demonstrated that HIR has no 

significant effect on plaque morphology assessment.50,51 Three-dimensional raw data based 

reconstruction techniques were introduced with forward modelling of system geometry (focal 

spot size, shape of X-ray beam, interactions of emitted photons with tissue and detector) 

additionally to statistical modeling.52 Preliminary data showed the potential of model based 

iterative reconstruction techniques to achieve more robust noise reduction and/or improved 

image quality of coronary CTA.53,54 There is a growing body of evidence regarding the 

prognostic value of quantified coronary plaque volume for adverse events. Our study group 

previously demonstrated significant changes in coronary calcium scores using novel iterative 

reconstruction algorithms.55 Novel model based iterative reconstruction could influence 

measured plaque volumes that ultimately influence individual risk assessment. 

The image quality and radiation dose of coronary CTA in patients who underwent heart 

transplantation (HTx) is of great importance. Cardiac allograft vasculopathy (CAV) is the 

leading cause of death during the first year HTx. The overall frequency of CAV at 1, 5, and 10 

years after transplantation is 8%, 30%, and 50%, respectively.56 CAV is characterized by 

diffuse concentric intimal hyperplasia.57 Because of the denervated transplanted hearts, patients 

do not experience symptoms related to ischemia; therefore, early diagnosis of CAV is 

challenging. International guidelines recommend annual or biannual invasive coronary 
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angiography for the assessment of coronary status. However, invasive coronary angiography 

has limited diagnostic accuracy to detect CAV because of the diffuse and concentric 

manifestation of the disease. Furthermore, invasive coronary angiography does not provide 

information regarding the coronary wall; therefore, intravascular ultrasound (IVUS) or optical 

coherence tomography (OCT) is suggested as a complementary imaging test.58 The 

combination of invasive coronary angiography with intravascular imaging techniques increases 

sensitivity, but their routine use increases costs and rates of procedural complications; therefore, 

it is considered optional for CAV assessment.59 In addition, the International Society for Heart 

and Lung Transplantation consensus statement does not recommend the routine use of 

intravascular ultrasound for CAV assessment.58  

Coronary CTA allows non-invasive visualization of the coronary artery wall and lumen 

with a high diagnostic accuracy.18 It can detect 1.5-2 times more coronary segments with 

coronary atherosclerotic plaques than does invasive coronary angiography.60 Notably, the 

absence of parasympathetic and sympathetic innervation of the transplanted hearts results in 

higher resting HRs, which may compromise the diagnostic performance of coronary CTA. 

Moreover, because of their higher HRs, retrospective ECG-gating has been used for HTx 

recipients, which results in higher radiation dose. These concerns precluded the widespread use 

of coronary CTA in HTx recipients.61 Prospectively ECG-triggered coronary CTA would be 

desirable because of its low radiation dose, but it requires a low HR (generally <65 beats/min). 

The HTx recipients have higher but steady HR with minimal HR variability because of the lack 

of autonomous innervation. The steady HR of HTx recipients might provide a unique 

opportunity to scan these patients with low radiation dose and achieve good image quality.  

 

2.2 Imaging coronary artery disease with computed tomography 

 

The identification of patients at high risk of developing acute coronary events remains 

a major challenge in cardiovascular imaging.62-64 Current diagnostic strategies focus 

predominantly on the detection of myocardial ischaemia and haemodynamic luminal 

narrowing, but not the detection and characterization of coronary atherosclerotic plaques.2,65 

This strategy is based on the evaluation of symptomatic patients and ignores the larger problem 

of a major adverse coronary events occurring as the first (and only) manifestation of CAD. 

In post-mortem studies, most acute coronary events are found to be caused by sudden 

luminal thrombosis due to plaque rupture.6,66,67 The morphology of atherosclerotic plaques that 
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are prone to rupture is distinct from stable lesions (Figure 1a), which provides a unique 

opportunity for non-invasive imaging to identify high-risk plaques before they lead to adverse 

clinical events.68,69 Moreover, the assessment of coronary plaque composition and size are 

potentially more important than traditional detection of luminal stenosis for predicting 

devastating acute coronary events.67,70-72  

Histological investigations have revealed three distinct features of plaques associated 

with acute coronary events: rupture; erosion; and calcified nodule.5 Two-thirds of luminal 

thrombi in acute events result from ruptured atherosclerotic lesions characterized by a necrotic 

core covered by a thin layer of fibrous cap (Figure 1b).5 Plaques vulnerable to rupture might 

have the same morphological characteristics as ruptured plaques, but with an intact thin fibrous 

cap.6 These lesions – termed thin-cap fibroatheroma (TCFA), with a cap thickness of <65 μm 

– are considered to be the precursor lesions of plaque rupture.5 The spatial resolution of current 

CT scanners (≈400 μm) precludes the morphometric analysis of fibrous cap by coronary CTA.73 

Histopathological investigations suggest that plaques prone to rupture are enlarged in all three 

spatial dimensions.5,74 In TCFAs the necrotic core length is ~2-17 mm (mean 8 mm) and the 

area of the necrotic core in 80% of cases is >1.0 mm2.5 These dimensions are over the plaque 

detection threshold (>1 mm plaque thickness) for coronary CTA.75 Moreover, the majority of 

TCFAs occur in the proximal portions of the main coronary arteries, where vessel diameter is 

largest, and coronary CTA has the highest image quality and accuracy for the plaque 

detection.5,76 In modern CT scanners, the detection and quantification of some features of 

high-risk lesions might, therefore be feasible.  
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2.2.1 Morphologic plaque characteristics 

Low attenuation plaques 

Lesions leading to ACS often have a large necrotic lipid-rich core; therefore, the CT 

differentiation between plaques containing lipid-rich material and plaques with predominantly 

fibrous components is desirable for prediction of ACS.69 Traditionally, coronary CTA classifies 

plaques according to the presence or absence of calcified components, thereby differentiating 

Figure 1  | The morphology and functional characteristics of stable and vulnerable plaques. a | Stable 
fibrocalcific lesion with calcification and small lipid pools. The plaque leads to mild narrowing of the 
lumen; and there is no ischaemia after the lesion (FFR >0.8; green). ESS near the plaque is in the 
normal physiological range indicating undisturbed flow. b | Rupture prone vulnerable plaque with a 
large lipid-rich necrotic core, thin fibrous cap, neovascularization, spotty calcium and presence of 
inflammatory cells. Despite the positively remodelled vessel wall at the site of the plaque, the lesion 
causes severe luminal narrowing and ischaemia (FFR <0.8; red). The downstream plaque region with 
low and oscillatory ESS promotes plaque growth, whereas the upstream low ESS at the shoulder 
regions is more inflamed (indicated by presence of macrophages), which might lead to plaque 
destabilization. High ESS at the most stenotic part can trigger plaque rupture. Abbreviations: ESS, 
endothelial shear stress; FFR, fractional flow reserve. 

 

dc_1530_18

Powered by TCPDF (www.tcpdf.org)



 15 

between calcified (CP), partially-calcified or mixed (PCP), and non-calcified plaques (NCP). 

The differentiation between CP components and NCPs was feasible even with early 

multidetector CT technology (such as 4-slice CTs used in the late 1990s).77,78 However, the 

classification of NCPs into lipid-rich and fibrous lesions on the basis of CT attenuation values 

(measured by HU) remains challenging. 

Some investigators have correlated coronary CTA plaque assessment with the clinical 

reference standard IVUS, and report low CT attenuation on average for lipid-rich plaques.79 

Non-calcified plaques with high CT attenuation correlated with fibrous tissue and those with 

low densities correlated with necrotic core and fibrofatty tissue as assessed by VH-IVUS.80 In 

histogram analysis of the intraplaque pixel CT numbers, lipid-rich plaques have a higher 

percentage of pixels with low HU values compared with plaques of predominantly fibrous 

components.81 This observation was validated in an ex vivo study that showed that the relative 

area (area >25%) of intraplaque pixels with <60 HU could accurately detect lipid-rich 

atherosclerotic lesions (sensitivity, 73%; specificity, 71%).82 Moreover, low CT numbers were 

measured in TCFAs identified by optical coherence tomography (OCT; the standard clinical 

reference for fibrous cap thickness measurements and necrotic lipid-rich core detection) 

compared with stable lesions (35-45 HU versus 62-79 HU; P <0.001).83,84 However, the 

variability of CT values within plaque types is wide. Despite the differences in mean densities 

between fibrous plaques and lipid-rich plaques, almost all investigators have reported a 

substantial overlap of densities, which prevented the reliable sub-classification of NCPs.79,80 

Furthermore, CT measurements of coronary plaques are influenced by several factors, such as 

the concentration of adjacent intraluminal iodinated contrast agent, plaque size, image noise, 

tube voltage, slice thickness, and the reconstruction filter.18,85-87 The reliable differentiation 

between lipid-rich and fibrous lesions made solely on the basis of CT attenuation is, therefore, 

not yet feasible.19 New automated plaque quantification software tools, with scan specific 

adaptive attenuation threshold settings, can potentially overcome some of these limitations and 

might improve CT number-based plaque component quantification.88,89 Despite the challenges 

associated with CT attenuation-based plaque characterization, low CT numbers seem to be a 

consistent feature of lipid-rich plaques. Low-density plaques, defined by <30 HU average 

attenuation, were more often seen in patients with ACS than in those individuals with stable 

angina pectoris (SAP) (79% versus 9%; P <0.0001).90 The same investigators compared the 

characteristics of ruptured fibrous cap culprit lesions in patients with ACS with the intact 

fibrous cap plaques of patients with SAP. Again, the low plaque attenuation was defined as <30 

HU, and 88% of ruptured plaques had a low CT attenuation, compared with 18% of the stable 
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lesions (P <0.001).91 Similarly, other investigators have also reported lower mean CT densities 

of NCPs in patients with ACS versus SAP (40-86 HU versus 97-144 HU; P <0.01).92-94  

Establishing a simple CT number cut-off value across an entire plaque that permits the 

reliable differentiation between lipid-rich and fibrous atherosclerotic lesions is difficult. 

However, quantification of CT number variability and identification of focal areas of low CT 

attenuation are methods that might aid a more-accurate differentiation of vulnerable plaques by 

coronary CTA. Moreover, culprit lesions in patients with ACS have significantly lower average 

CT numbers compared with patients who have SAP, suggesting that low CT attenuation is an 

established high-risk plaque feature (Figure 2). 

 

Positive remodelling  

Rupture-prone plaques might not lead to significant luminal narrowing, owing to the 

effect of positive remodelling.95 Positive remodelling describes the compensatory enlargement 

of the vessel wall that occurs at the site of the atherosclerotic lesion as the plaque size increases, 

resulting in the preservation of luminal area.96 In histopathology studies, positive remodelling 

is associated with the abundance of macrophages and increased necrotic core.97 Coronary CTA 

can measure the outer vessel wall and lumen dimension.80,98 The remodelling index is 

calculated as the vessel cross-sectional area at the site of maximal stenosis divided by the 

average of proximal and distal reference segments’ cross-sectional areas.98 A remodelling index 

threshold of ≥1.1 was suggested for the definition of positive remodelling visualized by 

coronary CTA, whereas some authors use ≥1.05 or >1.0 as the cut-off point on the basis of 

IVUS studies.99 Automated software now permits the easy quantification of the remodelling 

Figure 2 | Representative images of plaque coronary CT angiography-based plaque types 
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index.88 The remodelling index assessed by coronary CTA correlates well with IVUS 

measurements; however, coronary CTA has a trend towards overestimation of remodelling 

index (95% CI of the mean difference 0.01-0.08; p=0.005).88,99 Consistent with 

histopathological data, lesions with positive remodelling on coronary CTA have a higher plaque 

burden, a larger amount of necrotic core and a higher prevalence of TCFA assessed by 

VH-IVUS when compared to lesions without positive remodelling.100  

Furthermore, in two correlative studies comparing coronary CTA with OCT, the 

CT-derived remodelling index was higher in TCFA compared with non-TCFA lesions 

classified by OCT (1.14 versus 1.02, P <0.0001; and 1.14 versus 0.95, p<0.0001).83,84 In a study 

of 38 patients with ACS and 33 patients with SAP, positive remodelling was strongly associated 

with culprit plaques in ACS (87%), but not SAP (12%; P <0.0001), and had the best diagnostic 

performance among other high-risk CT plaque features (low attenuation and spotty 

calcification) to identify the culprit lesions (sensitivity 87%; specificity 88%).90 Several other 

cross-sectional coronary CTA studies have also found a higher remodelling index in patients 

with ACS compared with patients with SAP (1.14-1.6 versus 0.9-1.2; p=0.001-0.04).92-94,101 

Positive plaque remodelling and/or low plaque attenuation was an independent predictor of 

ACS in a clinical study with 27 ± 10 months follow-up (HR 22.8; 95% CI 6.9-75.2; p 

<0.001).102 Among patients with one of these high-risk CT features, one in five will have an 

adverse coronary event within 1-3 years, a similar rate to those with a three-feature positive 

plaque determined by VH-IVUS in the The multicentre Providing Regional Observations to 

Study Predictors of Events in the Coronary Tree (PROSPECT) trial.102,103 The remodelling 

index can be reliably measured by coronary CTA. However, a more conservative remodelling 

index threshold of 1.1 is preferred in the assessment of coronary CTA (Figure 2).99 

 

Spotty calcium in plaques  

Calcification is an ever-present feature of advanced coronary atherosclerosis.104 

Coronary calcification assessed by CT is highly associated with plaque burden and related to 

poor clinical prognosis.105,106 However, the effect of calcification on plaque instability is 

controversial.107-110 Although most acute plaque ruptures in individuals with sudden cardiac 

death contain some calcification under histopathology, approximately two-thirds have only 

microcalcification, which is not detectable by CT.111 In a serial IVUS study, plaques with heavy 

calcification are clinically quiescent, whereas spotty (small) calcification was associated with 

accelerated disease progression in patients with SAP.112 Furthermore, the presence of spotty 
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calcification was related to culprit plaques in patients with ACS in a study utilizing IVUS 

imaging.113 In coronary CTA, spotty calcification is defined as a small, dense (>130 HU) plaque 

component surrounded by noncalcified plaque tissue. The typical cut-off to define a small 

calcification in coronary CTA as spotty is <3 mm (Figure 2).70,90,102  

Spotty calcifications have been further differentiated into small (<1 mm), intermediate 

(1–3 mm), and large (>3 mm) calcifications.114 Small spotty calcification has the strongest 

association with vulnerable plaque features defined by VH-IVUS.114 Furthermore, in multiple 

cross-sectional studies in patients with ACS and SAP, spotty calcification is associated with 

ACS culprit lesions.92-94 However, results vary widely, and highlight the current uncertainty in 

the relationship between spotty calcification and plaque rupture.104 With further improvements 

in CT technology, detection of microcalcifications, which have been suggested to be a frequent 

feature in unstable angina, might be feasible.115 

 

Semiquantitative coronary plaque burden  

Several studies, such as the COURAGE trial (Clinical Outcomes Utilizing 

Revascularization and Aggressive Drug Evaluation) showed that plaque burden assessment 

may be more important than ischemic myocardium burden for predicting later major adverse 

outcomes.116 Furthermore, Bittencourt et al. demonstrated that patients with extensive CAD (>4 

coronary artery segments involved) have similar hazard ratios for developing major adverse 

events as patients with obstructive disease with less than 5 segments involved, thus also 

emphasizing the importance of quantifying plaque burden.117 Min et al. proposed a score 

system, the Segment Stenosis Score (SSS) and the Segment Involvement Score (SIS) to 

quantify plaque burden.118 SSS is calculated by grading all coronary segments as: 0 - No plaque; 

1 - < 50% stenosis; 2 - 50-69% stenosis; 3 - ≥ 70% stenosis. SIS is the number of affected 

segments. Based on 1127 patients, SSS had a hazard ratio of 1.99 (CI: 1.48–2.67), while SIS 

had a hazard ratio of 1.23 (CI: 1.13-1.34). Similarly, results from the CONFIRM (COroNary 

computed tomography angiography evaluation for clinical outcomes: an InteRnational 

Multicenter) registry also showed SIS to be an independent predictor of later major adverse 

events (hazard ratio: 1.22; CI: 1.03-1.44) 119. Several other studies have also demonstrated SSS 

and SIS to be significant independent predictors of later outcomes.120-123 While SSS and SIS 

are simple and elegant concepts for describing plaque burden, they are conceptually flawed. 

SSS and SIS scores assume that plaque burden is additive, meaning that adding one plaque to 

two diseased segments or 12 diseased segments has the same effect. Furthermore, SSS and SIS 
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lose all anatomical information, thus they assume a 

moderate stenosis on the left main has the same effect 

as a moderate stenosis on the second diagonal branch, 

which clearly is not true. Results of the CONFIRM trial 

also emphasize the importance of lesion characteristics 

and location. The trial demonstrated that excluding 

distal segments and only considering the number of 

proximal segments with obstructive plaques 

significantly improved their prediction model.119 

Another simple metric for quantifying the magnitude of 

plaque burden is the 3-vessel score, which counts how 

many major epicardial vessels (Left anterior 

descending, Left circumflex, Right coronary) have 

obstructive stenosis.118 Andreini et al. demonstrated that having only one major epicardial 

vessel effected with an obstructive lesion (≥ 50%) has a hazard ratio of 3.18 (CI: 2.16–4.69), if 

all three vessels are affected, the hazard ratio increases to 7.10 (CI: 4.61–10.93).120 Similar 

tendencies have been reported by several studies.118,121-125 A more quantitative approach 

originally developed to characterize CAD severity using ICA,126 later adopted for coronary 

CTA is the Duke Coronary Artery Disease Index.118,127 Patients are assigned a risk score 

between 0-100 based on previously published prognostic data.126 The score is an extension of 

the 3-vessel disease score. It also incorporates stenosis severity and calculates with left main 

stenosis and proximal left anterior descending stenosis (Table 1). Min et al. showed that there 

was a significant difference between patients’ survival for the different scores.118 Left main 

plaque with any additional moderate or severe stenosis had the worst outcome, while patients 

without any disease or only mild CAD had almost no events. 

Altogether, plaque burden assessment seems to be a very important concept to describe 

the severity of CAD and predict adverse outcome.128,129 Several methods have been proposed 

to properly quantify plaque burden, indicating the lack of a single best method. Furthermore, 

as we have seen, not only plaque burden, but plaque localization, stenosis severity, plaque 

composition and vulnerability features all play a role in later outcomes, thus necessitating a 

more complex holistic approach, which incorporates as many of these parameters as possible.72 

Based on the clinical outcome studies investigating the risk of plaque features and extension of 

CAD, several attempts have been made to create composite scores incorporating 

anthropometric vulnerability with extent of CAD, plaque localization and vulnerability features 

Table 1 Modified Duke Coronary Artery 
Disease Index for coronary CTA 

Score system is based on Miller et al. In the 
Modified Duke Coronary Artery Disease Index 
patients are assigned to the most severe 
category. CTA, CT angiography; LAD, left 
anterior descending. 
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as assessed by CTA. 

The CONFIRM registry is an international prospective observational cohort currently 

with seven participating countries.130 Structured interviews were used to collect information 

regarding patients’ anthropometrics and cardiovascular risk profile. Using this information the 

National Cholesterol Education Program Expert Panel on Detection, Evaluation, and Treatment 

of High Blood Cholesterol in Adults (NCEP ATP III),131 the Framingham132 and the Morise 

clinical risk scores were calculated.133 The 16-segment coronary artery model was used to 

assess the CTA images.134 Each coronary segment was evaluated for the presence of plaque. 

Plaques were classified as calcified, partially calcified or non-calcified. The degree of stenosis 

was graded as: none (0% luminal stenosis); mild (1% to 49% luminal stenosis); moderate (50% 

to 69% luminal stenosis); or severe (≥70% luminal stenosis). Overall, 17,793 patients’ data was 

used to create the CONFRIM risk score using multivariate Cox proportional hazard models.119 

The resulting models were evaluated using a separate test set, which consisted of 2,506 patients’ 

data. After separate assessment of clinical risk scores and CTA imaging markers, a combined 

score was created. The COMFIRM risk score is a combination of the NCEP ATP III score, the 

number of proximal segments (proximal and mid right coronary artery, left main, proximal, and 

mid left anterior descendent, proximal circumflex, first obtuse marginal branch) with stenosis 

greater than 50%, and the number of proximal segments with partially calcified or calcified 

plaques. Adding these two additional parameters caused 32% of the patients to be reclassified, 

22% to a lower risk category and 10% to a higher category. Overall, the combined risk score 

outperformed all clinical scores and significantly improved prediction of all-cause mortality. A 

online calculator is available for the CONFIRM risk score.135 

Originally the Leaman score was established based on ICA measurements. Since plaque 

features cannot be visualized using ICA, only the localization and the degree of stenosis is used 

to calculate the score. Obstructions are weighted based on typical amount of blood flow to the 

left ventricle going through that given segment. On average in case of a right dominant coronary 

anatomy, the RCA receives 16%, while the left main trunk delivers 84% of the blood flow 

going the left ventricle.136 For left dominant coronary systems, all of the left ventricle is 

supplied by the left coronary artery. Weighting factors are equal to how many times more blood 

goes through a given segment as compared to the RCA. For left dominant systems, the RCA 

receives a weighting factor of zero, while the weighting factor of the LM and circumferential 

segments increases by one.137 The degree of stenosis was also accounted for. Occlusions receive 

a multiplication factor of five, 90-99% stenosis receive multiplication factor of three and 

obstructions between 70-89% receive a multiplication factor of one. Non-obstructive lesion 
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(<70%) are not accounted for. A patients’ 

Leaman score is equal to the sum of all 

segment scores for all 16 segments.134 

Coronary CTA adapted Leaman score as 

proposed by Gonçalves et al.138 has minor 

modifications as compared to the original 

publication of Leaman et al.137 To account 

of balanced coronary systems an 

intermediate value was used for segments 

where there was difference in weighting 

factors for left and right dominant 

systems. Plaque composition was also 

included. For non-calcified and partially 

calcified plaques weighting factor of 1.5 

is added, while calcified plaques receive a 

weighting factor of one. Lesions with 

<50% stenosis receive a multiplication 

factor of 0.615 which is the relative 

proportion of the hazard ratios for 

mortality between obstructive and non-

obstructive CAD, as reported by Chow et 

al. from the CONFIRM registry.139 A 

summary of the calculation can be found 

in Table 2. Mushtaq et al evaluated the 

CTA adapted Leaman score using a 

single-center prospective registry 

including 1,304 consecutive patients.140 

Hard cardiac events (cardiac death and 

nonfatal myocardial infarction) were 

considered primary end-points. Using multivariate Cox regression models which included 

clinical parameters and SSS or SIS or the coronary CTA adapted Leaman score, were all 

independent predictors of adverse events. The Leaman score had the highest hazard ratio as 

compared to the other two scores (hazard ratio: Leaman score: 5.39, CI: 3.49 - 8.33; SSS: 4.42, 

CI: 2.97 - 6.57; SIS: 3.09, CI: 2.00 - 4.75, respectively). The event free survival of patients with 

CTA adapted Leaman-score is calculated by multiplying the 
weighing factors regarding plaque composition, stenosis severity 
and location for a given segment. Overall score is calculated by 
summing up scores for all segments. RCA, right coronary artery; 
R-PDA, posterior descending artery originating from right 
coronary; R-PLB, posterolateral branch originating from right 
coronary; LAD, left anterior descending; IM, intermediate branch; 
LCx, left circumflex; OM, obtuse marginal; L-PDA, posterior 
descending artery originating from left coronary; L-PLB, 
posterolateral branch originating from left coronary. 

 

Table 2 Coronary CTA adapted Leaman score weighting 
factors 
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Leaman scores in the highest tercile (score >5) and obstructive CAD was similar to patients 

with similar Leaman scores but without obstructive CAD (78.6% vs. 76.5%; p=0.627). 

Originally the SYNTAX (SYNergy between percutaneous coronary intervention with 

TAXus and cardiac surgery) score was developed to quantify the complexity of CAD, and to 

determine optimal revascularization strategies for multi-vessel CAD patients.141 SYNTAX 

score incorporates multiple score systems. As opposed to previously described CTA scores, the 

SYNTAX score is a lesion-based scoring system, rather than a segment-based system, thus 

multiple lesions can be present and also scored in the same segment. The original 16-segment 

classification of the American Heart Association134 is extended based on the Arterial 

Revascularization Therapies Study,142 

to include additional side branches. 

Only vessels greater than 1.5 mm and 

lesions with a stenosis greater than 

>50% are analysed. The SYNTAX 

score does not recognize balanced 

coronary dominance. Each lesion 

receives the Leaman score values for 

the segments in which it is present. 

Each segment score is multiplied by 2 

for non-occlusive lesions (50-99%) 

and by 5 for occlusive lesions (100%). 

Only one segment is allowed to be 

occlusive for each lesion. Additional 

lesion attributes are scored based on 

the ACC/AHA lesion classification 

system.143 Characteristics of 

occlusions144, involvement of 

trifurcations, bifurcations145,146 and 

aortal ostium, severe tortuosity, lesion 

length, heavy calcification, thrombus 

and diffuse coronary disease are all 

accounted for. Further adverse lesion 

characteristics are all additive. Details 

of the scoring system is described in 

SYNTAX score is calculated by multiplying the Leaman score 
(Table 2) of the segments which contain the given lesion by the 
stenosis factor. Further lesion characteristics are all additive. 
Overall, the SYNTAX score is the sum of all individual lesion 
scores. +, addition; ×, multiplication. 

Table 3 Scoring system of the SYNTAX score 
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Table 3. The SYNTAX score includes many vulnerability parameters, thus utilization of the 

scoring system for long-term prognosis seems rational. Suh et al. evaluated the performance of 

the SYNTAX score based on 339 patients who underwent both CTA and ICA 147. Only 

characteristics assessable by both CTA and ICA were included in the SYNTAX score. Based 

on univariate Cox regression analysis age, 3-vessel or LM disease on coronary CTA, two-vessel 

disease or three-vessel or LM disease on ICA, and SYNTAX scores higher than 23 based on 

ICA were predictors of MACE. On the contrary, multivariate analysis showed that models 

incorporating the SYNTAX score or simply the number of involved vessels had similar 

predictive power, both in case of CTA (area under the curve: 0.701 vs. 0.659, respectively) and 

ICA (area under the curve: 0.706 vs. 0.676, respectively). Recently, the SYNTAX score II has 

been developed that combines the SYNTAX score with clinical variables.148 Long term follow-

up data are promising based on ICA, but we currently lack CTA-based results. Based on these 

results, it seems incorporating an exceedingly complex score system, such as the SYNTAX 

Figure 3 | Representative examples of plaque burdens and composite plaque scores. For the CONFIRM 
score both patients were assumed to be 65-year-old smoking male patients with 230 mg/dL total 
cholesterol, 47 mg/dL HDL, 142 mmHg systolic blood pressure using hypertension medication. For the 
SYNTAX score calculations, the LAD-LCX bifurcation was assumed to be ≥70  ̊and all plaques were 
shorter than 20 mm. The example shows, that patients with very different degree of disease can have 
very similar plaque burden scores. Composite plaque burden scores on the other hand seem to better 
differentiate between the severity of coronary artery disease. D, diagonal; IM, intermediate branch; LAD, 
left anterior descending; LCX, left circumflex; PDA, posterior descending artery; PLB, posterolateral 
branch; OM, obtuse marginal; RCA, right coronary artery; prefixes: d, distal; m, mid; p, proximal. 
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score, is not justifiable, since it has no proven additive value in risk prediction, as compared to 

simple CTA based CAD burden scores. 

Overall, composite plaque burden scores seem to be a valid concept to determine the 

severity of CAD.128 One major limitation of simple plaque burden scores is that very different 

disease severities can have very similar scores (Figure 3). Composite scores seem to account 

for this, but one must not forget, that these scores are only useful if they are calculated. The 

calculation of composite scores can become very complex, adding an additional burden to the 

clinicians. In the future, with the use of structured reporting platforms, these values can be 

calculated and evaluated automatically.149,150 Therefore, these scores could transition from 

research domain to clinically useful risk stratification systems.128 
 

Quantitative coronary plaque burden  

Large plaque volume was associated with the diagnosis of ACS in cross-sectional 

studies, and quantification of NCPs can improve risk stratification and improve the prognostic 

value of coronary CTA to predict future cardiovascular events. The PROSPECT trial is the first 

and largest natural-history study of coronary plaques using invasive angiography and IVUS to 

identify plaques vulnerable to rupture on a per lesion basis.103 The prospective study included 

697 patients with ACS in whom three-vessel grey- scale IVUS and IVUS with radiofrequency 

backscatter analysis (known as virtual histology IVUS [VH-IVUS]) were performed to 

characterize non-culprit (that is unruptured) lesions. After a median of 3.4 years follow-up, the 

strongest predictor of future events was the IVUS-derived plaque burden of ≥70% (HR 5.03; 

95% CI 2.51-10.11; P <0.001).103 

Coronary CTA datasets with sub-millimeter isotropic spatial resolution, and the 

possibility of CT attenuation-based tissue characterization enable the quantification of total 

coronary plaque burden and individual plaque components, which is similar to the results 

obtained with IVUS.101,151-153 Automated software tools are now available for plaque 

quantification and characterization (Figure 4). Automated quantification of plaques is desirable 

to improve the reproducibility, accuracy and efficiency of coronary CTA plaque analysis. The 

reproducibility of automated 3D quantification software for plaque burden was demonstrated 

to be excellent, with an ICC value of 0.88 (95% CI 0.74–0.95); excellent agreement was defined 

as an ICC coefficient of >0.8.88 The accuracy of automated coronary plaque quantification by 

coronary CTA was successfully validated against greyscale IVUS and VH-IVUS.80,88 However, 

automated plaque quantification software tools have poor inter-platform reproducibility; the 
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same software should, therefore, be used for serial or comparative assessments.154 

The culprit lesion (that is ruptured) and vulnerable plaques evaluated by histology or 

invasive imaging techniques tend to be large in size, leading to the hypothesis that coronary 

CTA quantification might incrementally improve risk stratification of patients over 

conventional coronary CTA reading.69 A cross-sectional clinical investigation demonstrated 

that the culprit plaques in patients with ACS have larger volume than stable lesions in patients 

Figure 4 | Example of plaque characterization and quantification using a dedicated automated software tool 
and coronary CTA data set. a | Segmented whole coronary tree. The LAD is indicated in blue. The coronary 
centrelines and the aorta are indicated in green. Red box indicates plaque of interest. b | Curved multiplanar 
reconstruction of the LAD. Dotted lines indicate a partially calcified, positively remodelled plaque in the 
LMS bifurcation. c | The LMS plaque cross-section from panel b. d | The LMS plaque cross-section with 
colour overlay derived with adaptive threshold setting. The lipid rich (low CT attenuation) plaque 
components are shown in red. Fibro-fatty tissue is shown in light-green. Fibrous tissue is shown in dark-
green. Calcium is shown in white. e | Volumetric assessment of the lipid rich plaque core is shown in red, 
and the core’s spatial relation to the lumen (grey mesh) and calcium (white). f | The graph illustrates the areas 
of different plaque components. The colour scheme is identical to panel d. Abbreviations: Ca, calcium; 
coronary CTA, coronary computed tomography angiography; LAD, left anterior descending artery; LCx, left 
circumflex coronary artery; LMS, left main stem. 
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with stable angina pectoris (SAP; 193 mm3 versus 104 mm3; p=0.001).92 In patients with 

unstable angina, quantitative coronary CTA revealed that plaques with morphological features 

of plaque disruption (such as intraplaque contrast dye penetration) had a larger volume 

compared with plaques that had no signs of disruption (313±356 mm3 versus 118±93 mm3; 

p<0.0001). These lesions also contained more low CT attenuation components characteristic to 

lipid-rich plaques (99±161 mm3 versus 19±18 mm3; p<0.0001) than undisrupted plaques.155 In 

patients with acute chest pain and obstructive coronary lesions, the total volume of plaques 

leading to stenosis was not significantly different between those individuals with and those 

without ACS (212 mm3 versus 171 mm3; p=0.24). Interestingly, the volume of NCP with low 

CT attenuation density, (<90 HU) was significantly larger in patients with ACS compared with 

patients who did not have ACS (91 mm3 versus 49 mm3; p=0.03).70 

Longitudinal clinical investigations indicate a strong prognostic value of coronary CTA 

derived plaque volume for future coronary events. In a retrospective study of 1,059 patients 

with stable chest pain, the coronary plaque volume was larger in those patients who developed 

ACS compared with patients who did not during a follow-up period of 27±10 months 

(134.9±14.1 mm3 versus 57.8±5.7 mm3; p<0.001).102 The authors of a study published in 2013 

elegantly demonstrated that semiautomatic plaque quantification – whereby plaques are 

manually identified before automatic segmentation, characterization, and quantification, with 

optional manual corrections – provided additional prognostic value for ACS over both clinical 

risk factors and traditional CT reading (including calcium score, segment stenosis score, lesion 

severity, and number of segments with NCP).156 The patients who developed ACS had a higher 

total plaque volume (median 94 mm3 versus 29 mm3; p<0.001) and total NCP volume (28 mm3 

versus 4 mm3; p<0.001) at baseline compared with those individuals who did not develop 

ACS.156 The volume of nonobstructive NCP measured by CCTA was a strong predictor of 

future coronary events in a prospective study of 312 patients with non-ST-segment elevation 

myocardial infarction who underwent CCTA before invasive coronary angiography.157 In total, 

23 patients had a coronary event after a median follow-up of 16 months and the total volume 

of nonobstructive NCP was independently associated with the events with an HR of 1.18 per 

100 mm3 plaque volume increase. Interestingly, neither Agatston score, nor calcified plaque 

volume were associated with an increased risk of coronary event.157  A subset of patients (n = 

32) underwent coronary CTA in the PROSPECT study.103,158 The authors of this exploratory 

sub-study observed a higher total atheroma volume at baseline in patients with subsequent 

cardiac events during the mean 39 months follow-up (970 mm3 versus 811 mm3; p<0.01).158  

However, despite these promising results, further software improvements are warranted 
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to maximize accuracy, reproducibility, and time-efficiency before automated plaque burden 

quantification is implemented in the clinic.82 Moreover, industry standards should be developed 

to enable reproducible plaque assessments with coronary CTA regardless of the software tool 

used.129,154 

Coronary plaque radiomics 

Radiologic images are large two-dimensional or three-dimensional datasets in which 

the quantitative values present in the pixels (or volumetric pixels called voxels) are used to 

create a picture.159 Each and every voxel is a measurement itself on the basis of some physical 

characteristics of the underlying anatomic structure, such as the attenuation of electromagnetic 

radiation intensity that is used in CT. These values can be assessed by visual inspection, as done 

in daily clinical routine, or they can be analysed using advanced image analyses. Radiomics is 

the process of extracting numerous quantitative features from a given region of interest to create 

large data sets in which each abnormality is described by hundreds of parameters.159 Some of 

these parameters are commonly known and used by radiologists, such as the mean attenuation 

value or the longest diameter of a lesion, whereas others that quantify the heterogeneity or shape 

of an abnormality are less apparent. From these values novel analytical methods are used to 

identify associations between the parameters and the clinical or outcome data. Datamining is 

the process of finding new, meaningful patterns and relationships between the different 

variables. From these results, novel imaging biomarkers may be identified that can increase the 

diagnostic accuracy of radiologic examinations and expand our knowledge of the underlying 

pathologic processes (Figure 5).159  

Figure 5 | Pipeline of radiomics-based patient analysis. After image acquisition, new novel radiomics-based 
image characteristics are extracted to quantify different lesion properties. The hundreds of variables are joined 
together to create “big data” databases. Data- mining is used to find new meaningful connections between the 
parameters and the clinical outcome data. On the basis of the results, new imaging biomarkers can be identified 
that have the potential to increase the diagnostic accuracy of radiologic examinations. 
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2.2.2 Functional plaque characteristics 

 

Plaques develop at specific areas of coronary arteries where flow is disturbed, such as 

the outer walls of bifurcations, in side branches, and in the inner curve of arteries, despite risk 

factors for plaque formation (including smoking, high cholesterol levels, hypertension, and 

insulin resistance) affecting the whole vascular bed.160-163 Haemodynamic factors, such as 

endothelial shear stress (ESS), are pathologically important for the spatial localization and 

development of atherosclerotic plaques.164 Low ESS promotes an atherogenic milieu and 

high-risk plaque formation, whereas high ESS at stenotic vulnerable plaque sites promotes 

plaque rupture by destabilization of the fibrous cap.165-167 

In the early 1990s, post-mortem studies indicated that more than two-thirds of 

infarctions evolve from non-obstructive lesions (that is lesions occupying <70% of the 

lumen).168 However, histopathological investigations have now challenged these studies, and a 

high portion of culprit lesions now seem to cause obstructive luminal narrowing (>75% area 

stenosis was seen in 70% of plaque ruptures), especially in late stages of plaque development 

before the disruption of the fibrous cap.68,71,169 These observations correlate with evidence that 

patients with ischaemic lesions have a poor prognosis.170,171 Indeed, increased plaque 

vulnerability might in part be a consequence of haemodynamic perturbations and altered shear 

stress owing to abnormal fractional flow reserve (FFR).172 Invasive FFR is the gold standard 

method for the identification of lesions that result in ischaemia.173 The combination of ESS and 

FFR might, therefore, provide a novel functional dimension in plaque vulnerability 

assessment.174 Advances in computational fluid dynamics (CFD) have enabled the simulation 

of coronary flow and pressure-based metrics on the 3D geometry of the coronary artery tree.175 

When CFD is added to standardly acquired coronary CTA dataset, ESS-CT and FFR-CT 

coronary maps can be calculated.174,176  
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Endothelial shear stress simulation  

The ESS is the tangential force generated by the friction of flowing blood on the 

endothelial surface of the arterial wall.177 In coronary artery segments with low and disturbed 

or turbulent flow - where ESS is low - the endothelial cell gene expression initiates a 

proatherogenic pattern.178,179 Persistently low ESS reduces nitric oxide production, increases 

LDL uptake, promotes endothelial cell apoptosis, and induces local oxidative stress and 

inflammation, which induce an atherogenic endothelial phenotype and subsequently leads to 

the development of high-risk lesions.164,180 By contrast, in straight arterial segments with 

undisturbed laminar flow - where ESS varies within a physiological range - endothelial cells 

express atheroprotective genes leading to plaque stability and quiescence.163,164,177 However, 

high shear stress at the stenotic portion of the plaque might initiate pathophysiologic processes 

that promote plaque destabilization and rupture.163,177 In serial IVUS studies of coronary arteries 

in diabetic pigs, the majority of vulnerable plaques developed in vessel segments characterized 

by persistently low ESS.162,164,181 

Furthermore, the magnitude of low ESS 

at baseline was significantly associated 

with the severity of high-risk plaque 

features at follow-up.164 Another 

animal study has refined the concept 

that low ESS promotes coronary plaque 

growth and vulnerability by 

demonstrating that dyslipidaemia and 

low ESS have a synergistic effect 

leading to the development of 

vulnerable atheromas.182 The first 

natural-history VH-IVUS study in 

humans assessed the left anterior 

descending artery in 20 patients with 

nonobstructive CAD at enrolment and 

at 6 months follow-up.166 Low ESS 

segments developed increased plaque area and necrotic core as well as constrictive remodelling, 

whereas high ESS segments developed greater necrotic core and regression of fibrous and 

fibrofatty tissue, and excessive positive remodelling, suggestive of transformation to a 

Figure 6 | Time averaged ESS map of a left coronary artery 
derived by computation fluid dynamics simulation. The ESS 
values are in dynes/cm2. Dark-blue indicates low ESS values. 
Turquoise and green colours represent the normal physiological 
range of ESS. Yellow to red areas are regions of high ESS. 
Abbreviations: ESS, endothelial shear stress; LAD, left anterior 
descending artery; LCx, left circumflex coronary artery; LMS, 
left main stem; RI, ramus intermedius. Permission obtained 
from Alessandro Veneziani, Emory University, Atlanta, GA, 
USA. 
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more-vulnerable phenotype.166 These observations highlight the importance of low ESS in 

vulnerable plaque development and high ESS in the destabilization of these plaques.  

In the Prediction of Progression of Coronary Artery Disease and Clinical Outcome 

Using Vascular Profiling of Shear Stress and Wall Morphology (PREDICTION) trial, a total 

of 506 patients underwent three-vessel IVUS examination and were assessed again at 1-year 

follow-up.183 The results demonstrated that large plaque burden and low ESS can independently 

predict plaques that progressively enlarge and develop substantial lumen narrowing.183 Three-

dimensional coronary geometry visualization by coronary CTA enables CFD to be applied to 

ESS-CT calculations and subsequent coronary wall behaviour assessment (Figure 6).184-187 

These observations have been confirmed in a study using coronary CTA and IVUS for vascular 

profiling. Coronary CTA was sufficiently accurate to determine ESS distribution in the main 

vessels and in the bifurcation regions.188 The CFD simulations in coronary CTA can be used to 

remove all plaques in a virtual environment to replicate the healthy vascular wall before the 

development of atherosclerotic plaques. In an exploratory investigation, static and dynamic 

parameters of ESS-CT were calculated in a virtual healthy coronary lumen to determine the 

best haemodynamic predictor of future plaque location. The results of this virtual experiment 

suggested that low ESS is a prerequisite for plaque formation; however, its presence alone is 

insufficient to predict future plaque locations. Dynamic factors that describe the time-dependent 

directional changes in ESS might, therefore, have an incremental prognostic value regarding 

plaque progression and vulnerability.189 

 

Fractional flow reserve simulation  

Plaques that rupture cause substantial luminal narrowing at the time of the acute event. 

Histopathological investigations demonstrated that plaques that rupture but are non-stenotic are 

very rare.68,71 The assessment of luminal narrowing at the site of a large lipid-rich plaque might, 

therefore, be an important addition to high- risk plaque features and could aid the identification 

of vulnerable plaques. 

In a histopathological study of ruptured plaques and TCFAs, 70% produced significant 

narrowing (>75%) of the cross-sectional luminal area.71 The remaining 30% of nonobstructive 

ruptured plaques were further subdivided into those with luminal narrowing of 50–75% and 

those with luminal narrowing <50% (25% and 5% of lesions respectively).71 Importantly, the 

investigators assessed the non-ruptured TCFAs, which are the potential targets for non-invasive 

imaging, and found 40% also caused luminal narrowing of >75%.71 Because these lesions are 
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likely to cause angina, they are more likely to be treated. However, lesions with an intermediate 

stenosis can be large, but not necessarily associated with symptoms of angina. Vulnerable 

plaques with a stenosis range of 50–75% (~50% of all TCFAs) are, therefore, the more 

appropriate targets for non-invasive imaging (Figure 7). Notably, the relationship between 

intermediate stenosis (50–75% diameter stenosis) and the presence of ischaemia is extremely 

unreliable - half of the lesions lead to ischaemia and the remaining half do not, as determined 

by invasive FFR measurement.190 In an intermediate lesion with abnormal FFR, the flow 

perturbations, altered ESS, and the physical strain changes placed on the plaque might be 

responsible for the development 

of a rupture-prone lesion.172,191 

Furthermore, patients with an 

obstructive coronary plaque 

might develop an ACS owing to 

thrombus formation induced by 

high EES.192 In an investigation 

that included 70 patients with 

stable CAD, a strong association 

was observed between 

inflammatory cytokine activity 

and FFR; therefore, ischaemia 

might be involved in plaque 

progression and 

destabilization.193 Moreover, 

numerous recently published 

investigations demonstrated a 

strong link between coronary 

CTA-visualized adverse plaque features and lesion specific ischemia.194-197 Vulnerable plaques 

with intermediate stenosis and positive FFR should be treated; however, the non-invasive 

identification of these lesions is challenging. Conversely, <1% of patients with a plaque 

resulting in an intermediate stenosis without ischaemia (FFR ≥0.8) have a myocardial infarction 

within 5 years, which is similar to a matched control population without diagnosed CAD.198 

Coronary CTA based FFR simulation will help in the identification of lesions with ischaemia 

and likely improve CT accuracy for the detection of high-risk lesions. Importantly, FFR-CT 

can be derived from coronary CTA, without the need for additional imaging, extra radiation, or 

Figure 7 | In histopathological studies of patients who suffered sudden 
cardiac death, 40% of nonruptured TCFAs also caused >75% luminal 
narrowing. These TCFAs with significant luminal narrowing (>75%), 
are likely to cause angina, and therefore be treated. Lesions with an 
intermediate stenosis can be of danger, as they are large, but are not 
necessarily associated with symptoms. Vulnerable plaques with a 
stenosis range of 50–75% (~50% of TCFAs) are the real targets for 
noninvasive imaging. Abbreviations: FFR, fractional flow reserve; 
TCFA, thin cap fibroatheroma. 
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any medication (Figure 8). Furthermore, FFR-CT provides a comprehensive three-vessel FFR 

from a single coronary CTA, enabling FFR readings at any location of the coronary tree. Three 

prospective clinical trials have demonstrated that FFR-CT compares favourably to the reference 

standard invasive FFR measurements.199-201 In the Diagnosis of Ischemia-Causing Stenoses 

Obtained Via Noninvasive Fractional Flow Reserve (DISCOVER-FLOW) trial, FFR-CT was 

compared with invasive FFR, and had a per-vessel accuracy of 84.3%, sensitivity of 87.9%, 

and specificity of 82.2%.199 In addition, FFR-CT had better diagnostic performance than 

coronary CTA when identifying clinically significant coronary lesions; the area under the 

receiver-operator characteristics curve (AUC) were 0.90 for FFR-CT and 0.75 for coronary 

CTA (p=0.001).199 Investigators in the Determination of Fractional Flow Reserve by Anatomic 

Computed Tomographic Angiography (DeFACTO) trial, a multicentre international study 

evaluating the diagnostic performance of FFR-CT, enrolled 252 patients.200 On a per-patient 

Figure 8 | The first case represents severe (70-90%) proximal LAD stenosis as depicted by CCTA. FFR-CT 
demonstrates no lesion specific ischemia (0.84), which was confirmed by ICA (0.82).  In the second case CCTA 
demonstrates moderate (50-70%) mid RCA stenosis. The FFR-CT reveals ischemia (0.76), which was confirmed 
invasively (0.78). Abbreviations: CCTA, coronary computed tomography angiography; FFR, fractional flow 
reserve; ICA, invasive coronary angiography; LAD, left anterior coronary artery; RCA, right coronary artery. 
Courtesy of HeartFlow Inc., Redwood City, California. 
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basis, FFR-CT was superior to coronary CTA in identifying ischaemic lesions (accuracy 73% 

versus 64%; sensitivity 90% versus 84%; specificity 54% versus 42%). Compared with 

obstructive CAD diagnosed by coronary CTA alone (AUC 0.68; 95% CI 0.62-0.74), FFR-CT 

was associated with improved discrimination of coronary stenosis with ischaemia (AUC 0.81; 

95% CI 0.75–0.86; P <0.001).200 Notably, in patients with intermediate stenosis, FFR-CT had 

more than a twofold increase in sensitivity compared with coronary CTA alone (82% versus 

37%; no statistical data was reported), with no loss of specificity (66% versus 66%).200 In the 

recently published NXT trial (Analysis of Coronary Blood Flow Using CT Angiography: Next 

Steps) investigators reported a slightly decreased per-patient sensitivity of FFR-CT comparing 

to coronary CTA (86% vs. 94%). However, a marked increase in specificity was observed 

compared with coronary CTA (79% vs. 34%).201 These studies utilized a commercial laboratory 

(HeartFlow, Redwood City, CA), which received the routine coronary CTA data and generated 

an FFR-CT color-coded three-dimensional model of the epicardial coronary arteries. The 

PLATFORM study (Prospective LongitudinAl Trial of FFRct: Outcome and Resource 

IMpacts) further demonstrated, that the use of FFR-CT significantly lowered the rate of ICA 

and used less resources at lower costs. 202-204  

However, current FFR-CT simulations are expensive and time consuming, as the 

simulations are performed off-site. Recently on-site FFR-CT techniques have been introduced, 

which are able to calculate FFR-CT in couple of seconds to minutes.205-208 Further studies are 

warranted to explore the diagnostic accuracy and utility of these novel on-site algorithms. These 

observations support the high diagnostic performance of FFR-CT, which might play an 

important role in the accurate evaluation of lesion-specific ischemia in the near future. A novel 

application of CFD is the possibility of implanting a stent in a virtual setting to test different 

stenting strategies and predict functional outcomes by changes in FFR.209 FFR-CT is an 

accurate new tool to assess lesion-specific ischaemia in a typically acquired coronary CTA 

exam and an improvement on the accuracy of CT alone.  
 

2.3 Epicardial adipose tissue  

Obesity, especially an increase in abdominal visceral adipose tissue (VAT) quantity, 

may have an important role in the development of cardiometabolic disease.210-212 During the 

last couple of years, a special attention was paid to another fat compartment, namely the 

epicardial adipose tissue (EAT), as its proximity to the myocardium and coronary arteries might 

also be of pathophysiological importance.213-215 Recently, it has been suggested that EAT is a 
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source of inflammatory mediators affecting the myocardium and coronary arteries, and clinical 

studies suggested that EAT – through paracrine and vasocrine effects – might have an impact 

on the development and progression of coronary atherosclerosis.215,216  

The epicardial adipose tissue is a unique fat compartment located between the 

myocardial surface and the visceral layer of the pericardium. In physiological circumstances 

the epicardial fat covers nearly 80% of the heart surface. According to previous observations 

this fat compartment contributes 20% to the whole heart quantity.217 Some years ago a 

hypothesis about the direct role of EAT in the development and progression of coronary 

atherosclerosis was raised, and paracrine and vasocrine effects of EAT due to close proximity 

of epicardial fat to coronary arteries was proposed.218 The hypothesis was indirectly supported 

by a pathological study in subjects with a myocardial bridge. Namely, no atherosclerosis was 

observed in coronary segments at the myocardial bridge where surrounding fat around the 

coronary arteries is lacking.219  

The relationship of EAT with CAD has been analyzed by several clinical studies.220,221 

In the Framingham and the MESA (Multiethnic Study of Atherosclerosis) epidemiological 

studies a significant association of epicardial fat with coronary artery calcification was found, 

which remained significant after adjustment for traditional cardiovascular risk factors.222,223 

The increased epicardial fat proved to be associated with more advanced atherosclerosis and 

with the presence of non-calcified coronary plaques.224,225 A significant relationship of 

increased epicardial fat volume (>130.7 cm3) with vulnerable plaques was also documented.226 

The relationship of morphological features of vulnerable plaques (positive remodeling, spotty 

calcifications, and low CT attenuation in the necrotic core) to the pericardial fat was also 

studied, and the volume of pericardial fat proved to be nearly twice as high in patients with 

vulnerable plaques as compared to those without CAD.227 In a systematic review and meta-

analysis, an association between the elevated location-specific thickness of EAT at the left 

atrioventricular groove and obstructive CAD was found.228  

Fat compartments may differ in embryogenetic origin, physiological and 

pathophysiological functions.229 Their accumulation leads to local or systemic adiposity and 

increase of their quantity is influenced by genetic and environmental factors. Classical twin 

studies compare monozygotic (MZ) and dizygotic (DZ) same-gender twin pairs to help to 

evaluate the degree of genetic and environmental influences on body composition.230,231 Earlier 

studies demonstrated a predominant genetic effect on body mass index (BMI) and on central 

abdominal obesity as measured by dual-energy X-ray absorptiometry.232-234 However, no data 

are available whether EAT compartment quantity depends predominantly on genetic or 
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environmental factors. Furthermore, data regarding the heritability of abdominal adipose tissue 

compartment sizes are scarce and the findings are based on family studies and on measurement 

methods with limited accuracy. 
 

2.4 Reporting coronary CTA findings 

There is a growing trend in diagnostic imaging to structure reports of imaging 

procedures.235-238 Structured reporting is important for several reasons. First, structured 

reporting can improve quality through consistency. Key report elements are less likely to be 

omitted if the report is structured and elements are listed systematically within a standard 

template.150 The development of lexicons standardizes descriptors. Reports convey similar 

information regardless of the imager’s background and are similar throughout and across 

institutions. Referring physicians have access to an end product from which it is easier to extract 

the pertinent results because they are in an expected location in the report and in standard 

defined terminology. In addition, data mining may be facilitated through structure with entries 

serving as data cells in electronic medical records. Finally, structured reporting also ensures 

that all required elements for billing purposes are contained within the report. In recent years, 

the number of coronary CTA examinations increased substantially leading to increased 

variability in reporting of coronary findings.239 Performed by cardiologists or radiologists, 

written in free text or generated by structured reporting platforms, coronary CTA reports should 

provide a concise, clear description of coronary anatomy and pathologic changes. We have 

published reporting guidelines and recommendations on behalf of the Hungarian Society of 

Cardiology and Hungarian Society of Radiology.240,241 Considering the high variability and 

inconsistency in coronary CTA reporting, a standardized framework for CAD assessment has 

long been desired.235,242,243 In a joint effort, international cardiology and radiology societies 

proposed a scoring system - the Coronary Artery Disease - Reporting and Data System (CAD-

RADS) - for standardized reporting and decision making.244 This expert consensus document 

aimed to facilitate interdisciplinary communication of CTA results and provide 

recommendations on patient management. CAD-RADS holds the potential to substantially 

improve reporting consistency. Currently there are no data available regarding the use of 

structured reporting platforms in CAD-RADS classification.  
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3 Aims 
 

3.1 To improve cardiac CT image acquisition safety and quality  
 

1) To assess if ultrashort-acting b-blocker is at least as efficacious as the standard of care 

intravenous metoprolol for HR control during coronary CTA. 

2) Improve the safety of cardiac CT image acquisition through the development of novel 

iodinated contrast injection protocols. 

3) To assess the effect of novel image reconstruction techniques on plaque volumes. 

4) To assess cardiac CT image quality in heart transplanted patients. 

 

3.2 To improve coronary atherosclerotic plaque assessment  
 

1) To identify novel qualitative imaging biomarkers of high-risk atherosclerotic coronary 

plaques. 

2) To develop an attenuation pattern-based plaque classification scheme in coronary CTA 

to differentiate early and advanced atherosclerotic plaques as defined by histology.  

3) To compare invasive and non-invasive imaging techniques to identify high-risk 

coronary plaques as defined by histology. 

4) To compare invasive coronary angiography with coronary CTA to detect coronary 

atherosclerotic plaques.  

5) To develop radiomic techniques to identify high-risk plaques. 

6) To assess lesion specific ischemia by using hemodynamic simulations. 
 

3.3 To study atherogenic adipose tissue compartments  
 

1) To investigate the relationship between epicardial adipose tissue, circulating biomarkers 

and coronary artery disease. 

2) To assess the heritability of epicardial adipose tissue compartment.   

 

3.4 To develop novel data collection system for cardiac CT 
 

1) To assess the performance of automated structured reporting tool   
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4 Methods 
 

4.1 Cardiac CT image acquisition and safety  

 

In the first part of my doctoral thesis, I will focus on research projects aimed at the 

development of novel techniques to improve the safety and image quality of coronary CTA 

image acquisition. We have performed three clinical studies at the Heart and Vascular Center, 

Semmelweis University to optimize HR control, contrast injection protocol and radiation dose. 

In addition, we have investigated the image quality of heart transplanted patients, who 

underwent coronary CTA to rule out cardiac allograft vasculopathy. 

 

4.1.1 Heart rate control with ultra-short acting beta-blocker 

 

Study design 

In a randomized single-center noninferiority phase III clinical trial we have compared 

two IV b-adrenergic receptor blockers to reduce HR in patients who undergo coronary CTA 

due to suspected coronary artery disease (European Union Clinical Trials Register number: 

2013-000048-24).245 The noninferiority margin was set on 10% because we assumed that the 

difference between the two groups in proportion of responder patients (patients achieving 65 

beats/min) less than this is clinically irrelevant. The primary endpoint was the proportion of 

patients who reached HR 65 beats/min in the esmolol group. The secondary endpoint was the 

proportion of patients who experienced bradycardia (HR <50 beats/min) and/or hypotension 

(systolic BP <100 mm Hg) as an effect of b-blockers. We have performed an interim analysis 

after 45 days to ensure adequate enrolment rate and to assess toxicity as well as adverse events. 

An adverse event was defined as a change in health condition resulting from the administration 

of b-blockers, which is not resolving with observation and requires medical intervention. 

 

Study population 

Patients who were referred to coronary CTA due to suspected coronary artery disease 

and had an HR >65 beats/min despite oral metoprolol pre-treatment were enrolled in the study. 

Patients with history of a coronary intervention and an implanted stent with a diameter ³3 mm 
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or previous coronary artery bypass surgery were eligible to participate in the study. Individuals 

with a heart rhythm other than sinus rhythm, any contraindication against b-blocker (asthma 

bronchiale, chronic obstructive pulmonary disease, any type of documented atrioventricular 

block, severe aortic valve stenosis, severe left ventricular dysfunction characterized by ejection 

fraction below 30%), or a systolic BP<100 mmHg before the coronary CTA scan were excluded 

from the study.  

 

Drug administration and coronary CTA protocol  

Patients received 50-mg oral metoprolol at arrival if the HR was >65 beats/min. If the 

HR was 80 beats/min, 100-mg oral metoprolol was administered. The HR was re-evaluated 60 

minutes after the oral b-blockade, immediately before the coronary CTA examination. Patients 

presenting with an HR >65 beats/min on the CT table were randomized to IV esmolol or IV 

metoprolol administration. In both the investigational (esmolol) and the active control 

(metoprolol) groups, the IV drug was administered by the physician performing the coronary 

CTA scan. To achieve randomization, we administered IV esmolol on even weeks and 

metoprolol on odd weeks in an alternating fashion. The IV metoprolol (Betaloc; 1 mg/mL; 

AstraZeneca, Luton, United Kingdom; 5-mg ampoule) was titrated in 5-mg doses in every 3 

minutes until the target HR (65 beats/min) or the maximum dose of metoprolol (20 mg) was 

achieved. The IV esmolol (Esmocard; 2500 mg/10 mL; AOP Orphan Pharmaceuticals AG, 

Vienna, Austria) was diluted to 500 mg/10 mL and titrated in ascending 100-, 200-, 200-mg 

doses in every 3 minutes until the target HR (65 beats/min) or the maximum dose of esmolol 

(500 mg) was achieved. Blood presure was monitored before every administered drug bolus. If 

hypotension (defined as systolic BP <100 mmHg) or bradycardia (defined as HR <50 

beats/min) was measured, the administration of the b-blocker agent was suspended. Two puffs 

of sublingual nitroglycerine were given to each patient 3 to 5 minutes before the CT scan to 

ensure the proper visualization of the coronaries. The HR was recorded at arrival (T1), 

immediately before coronary CTA (T2), during breath hold, contrast injection, and scan (TS), 

immediately after scan (T3), and 30 minutes after coronary CTA scan (T4). BP was measured 

at T1, T2, T3, and T4 time points. The study flow chart is presented in Figure 9.   
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All examinations were performed with 256-slice CT (Brilliance iCT 256; Philips 

Healthcare, Best, the Netherlands). Contrast-enhanced image acquisition was performed in 

inspiration during a single breath hold in craniocaudal direction. Imaging parameters were used 

as follows: slice collimation of 128 mm % 0.625 mm, rotation time of 270 ms, tube voltage of 

80 to 120 kV, and tube current of 150 to 300 mAs depending on patients’ body mass index. The 

images were acquired using prospective electrocardiogram triggering at 75% to 81% phase (3% 

padding). The iodinated contrast agent (Iomeron 400; Bracco Ltd, Milan, Italy) was injected 

into an antecubital vein via an 18-ga cannula using a dual-syringe technique, at a flow rate of 

3.5 to 5.5 mL/s depending on patients’ body mass index and the tube voltage. Bolus tracking 

was used with a region of interest placed in the left atrium. Images were reconstructed with a 

slice thickness of 0.8 mm and 0.4-mm increment. 

 

Statistical analysis  

The sample size calculation was based on a recently published study, which showed that 

Figure 9 | Flow chart of the study. bpm, Beats/min; CCTA, coronary CT angiography; HR, heart rate; IV, 

intravenous. 

dc_1530_18

Powered by TCPDF (www.tcpdf.org)



 40 

83% of patients who received metoprolol premedication achieved an HR of 65 beats/min during 

coronary CT angiography.246 The noninferiority margin was set to 10% because we have 

assumed that this is a clinically acceptable maximum difference between the responder 

proportions of the two treatment groups. Degertekin et al. reported that 65% of the patients 

achieved the target HR of £65 beats/min after administration of intravenous esmolol.247 

However, Degertekin et al administered smaller doses; thus, our primary aim to achieve at least 

73% responder proportion seemed to be realistic. Dedicated software was used for sample size 

calculation (East, version 5.4.1; Cytel Inc, Cambridge, Massachusetts). A total of 595 patients, 

297 to 298 patients on each treatment arm, were needed to show that the difference between 

proportion of responders in metoprolol group vs esmolol group is less than the noninferiority 

margin set at 10% with a power of 90% using a 1-sided p=0.025 level test. The sample size 

calculation was based on an intention to treat analysis. Continuous variables were reported as 

mean±standard deviation. Categorical variables are given in frequency. According to the 

Shapiro-Wilk tests, some of the parameters showed mild deviation from normal distribution. 

To deal with the non-normality, the groups were compared by robust t tests using 20%-trimmed 

means with bootstrapping.248 Differences of categorical variables between treatment groups 

were analyzed by chi-square tests. With respect to all statistical tests, a 2-sided p-value of <0.05 

was considered significant. Statistical analyses were performed with R, version 3.0.2 (R 

Foundation for Statistical Computing, Vienna, Austria). 

 

4.1.2 Contrast injection protocol optimization  

 

Study design  

In this prospective, single-centre, single-blinded, randomized, controlled clinical trial 

we compared two contrast media injection-protocols in patients who were referred for coronary 

CTA examination.249 We randomized patients into two groups: (1) a three-phasic injection-

protocol group and (2) a four-phasic injection-protocol group. To achieve randomization, we 

alternated the use of three-phasic and four-phasic CM administration protocols on a weekly 

basis: on even weeks, we applied the three-phasic protocol, and on odd weeks we used the four-

phasic protocol. The primary endpoint was the occurrence of CM extravasation. CM 

extravasation was defined as (1) presence of pain and local swelling close to the cannula 

insertion site occurring after the initiation of CM injection, and (2) absence of CM or minimal 

CM attenuation in cardiac chambers on the CTA images. Our institutional review board 
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approved the study and informed consent was waived. 
 

Study population and CTA protocol 

We included consecutive patients who were referred for coronary CTA from January 

2014 to August 2015. Exclusion criteria were contraindications to iodinated CM, age under 18 

years and the presence of a cannula that was not inserted by our radiographers. 

Similarly, to the above described study we performed all coronary CTA examinations 

with a 256-slice multi-detector row CT scanner. Contrast-enhanced image acquisition was 

performed in inspiration during a single breath-hold in a cranio-caudal direction. The following 

imaging parameters were used: slice collimation of 128 mm×0.625 mm, rotation time of 270 

ms, tube voltage 100–120 kV and tube current 150–300 mAs depending on the patient’s weight. 

The majority of scans (99.8%) were acquired by using prospective ECG triggering at 78% phase 

of the cardiac cycle with 3% padding. Bolus tracking was used with a region of interest (ROI) 

placed in the left atrium. Images were reconstructed with a slice thickness of 0.8 mm and 0.4 

mm increment. 
 

Contrast media injection-protocol 

All patients received the same type of cannula (B. Braun Medical Inc., Melsungen, 

Germany). All cannulas were inserted by certified radiographers. The preferred location of vein 

puncture was the right antecubital region. Other distal venous access locations were used if no 

suitable vein was found in the antecubital region. We registered venipuncture characteristics, 

such as the side and location of venous access, the size of the inserted cannula and the number 

of insertion attempts. In all patients the injection site was tested with a 20- ml saline bolus. All 

patients received a 400 mg/ml concentration iomeprol (Iomeron 400, Bracco Spa, Milan, Italy) 

CM injected with dual-syringe automated mechanical injector. CM was pre-heated to 37 °C. In 

patients having more than 80 kg of bodyweight we used a 5.5 ml/s injection rate and 95 ml CM 

and 120 kV tube voltage. In patients less than 80 kg in bodyweight we used an injection rate of 

4.5 ml/s, 80 ml CM and 100 kV tube voltage. In the three-phasic protocol group the injection 

started with the CM bolus, followed by 40 ml of 75%:25% saline-CM mixture, and finished 

with 30 ml of chaser saline bolus. With the four-phasic protocol the injection started with the 

saline pacer bolus of 10 ml, administered with 1.5 ml/s lower flow rate than the CM bolus; 

specifically, a saline pacer bolus flow rate of 4.0 ml/s if the injection rate of CM was 5.5 ml/s 

and 3 ml/s if the CM flow rate was 4.5 ml/s and continued with the steps of the three-phasic 

protocol (Figure 10). 
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Statistical analysis  

Continuous variables are reported as mean±standard deviation. Based on our relatively 

large sample size the central limit theorem allows the use of parametric tests, therefore we 

compared the continuous variables using Student’s t-test. To evaluate the differences between 

categorical variables we used Fisher’s exact test. Two-sided p values below 0.05 were 

considered statistically significant. For risk estimation, we calculated the odds ratio (OR) with 

95% confidence intervals (CIs). All statistical data analysis was performed with IBM SPSS 

(IBM Corp: version 23, Armonk, NY, USA). 

 

4.1.3 Effect of image reconstruction  

 

Study population  

We studied 52 consecutive individuals who underwent routine clinical coronary CTA 

examination due to suspected coronary artery disease.150,250 Patients who showed calcified 

and/or partially calcified plaque were included in the further analysis to study plaque 

characteristics. As we used automated plaque quantification, partially calcified lesions were not 

further distinguished to predominantly non-calcified or predominantly calcified plaque types, 

as recommended the Society of Cardiovascular Computed Tomography (SCCT) for qualitative 

plaque reading.251 We excluded patients with previous bypass surgery or coronary stent 

Figure 10 | Schematic representation of the three-phasic and the four-phasic contrast media (CM) injection-
protocols. The three-phasic protocol starts with an undiluted CM bolus, followed by a 75%:25% saline and 
CM mixture and ends with a 30-ml chaser saline bolus. The four-phasic protocol starts with a 10-ml saline 
pacer bolus, administered at a 1.5 ml/s slower flow rate than the CM bolus, and continues with the three-
phasic protocol. The injection rate settings are dependent on the body weight of the patient and on the tube 
voltage settings. 
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implantation. To minimize the impact of motion artifact on image quality, patients not in sinus 

rhythm and/or with a heart rate of ≥65 beat per minute during CTA data acquisition were 

excluded. Informed consent was waived by the institutional review board (IRB) due to the 

retrospective design of the study. No additional data acquisition was performed in addition to 

routine care CTA examinations.  

 

Coronary CTA scan protocol and image analysis 

All examinations were performed with a 256-slice scanner with prospective ECG-

triggered acquisition mode. Images were acquired in cranio-caudal direction during a single 

breath-hold in inspiration. The following imaging parameters were used for data cquisition: 

128×0.625mm detector collimation, 270ms gantry rotation time, 120 kV tube voltage and 300 

mAs tube, field-of-view of 18 cm with a matrix of 512×512. A mid-diastolic triggering was 

used with 3% padding. Iomeprol contrast media with an iodine concentration of 400mg/ml 

(Iomeron 400, Bracco Ltd, Milan, Italy) was injected into an antercubital vein via an 18-gauge 

catheter and dual-syringe system. A triphasic injection protocol (1. saline; 2. 100% contrast; 3. 

25% contrast) with 90–95 ml contrast agent was used at a flow rate of 5.0-5.5 ml/s. We used 

bolus tracking technique with a region of interest (ROI) placed in the left atrium for proper scan 

timing.  

All coronary CTA images were reconstructed with filtered back reconstruction (FBP), 

hybrid iterative reconstruction (HIR) and iterative model reconstruction (IMR). To ensure data 

consistency, all three datasets for each patient were generated on an external prototype 

workstation dedicated for the study. We reconstructed all images with 0.8 mm slice thickness, 

0.4 mm increment and medium cardiac kernel. We applied a moderate iteration level for HIR 

(level 4 of 1-7) and IMR (level 2 of 1-3). 

We used a commercially available DICOM viewer (Osirix, version 5.5.1; Osirix 

Foundation, Geneva, Switzerland) for image quality assessment. Image quality parameters 

were evaluated blinded to reconstruction type in a random order. For qualitative assessment we 

reviewed single datasets using fixed window set- tings (window width of 200 HU and window 

level of 700 HU). For quantitative analysis we displayed the triplets of datasets side by side for 

each patient to ensure the same level of ROI placement. We transferred the datasets present 

with any calcified or partially calcified plaque to a dedicated offline workstation (QAngio, 

version 2.1; Medis Medical Imaging Systems, Leiden, The Netherlands) for further plaque 

characterization. One reader with 5 years of experience in coronary CTA read all studies. 20 

randomly selected datasets were re-evaluated by another reader with 3 years of experience in 
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coronary CTA to assess intra-observer differences.  

We used the guidelines of the SCCT for the assessment of the coronary segments.251 

The proximal and distal segments of the left anterior descending artery (LAD), circumflex 

artery (CX) and right coronary artery (RCA) were evaluated. As we aimed to assess the 

differences between proximal and distal coronary segments, middle coronary segments and side 

branches were not included in our analysis. Four-point Likert-scale was used to rate subjective 

image quality parameters on axial slices.252 Overall image quality was defined as a summary of 

image sharpness, image noise and blooming artifacts, if present and rated as follows: non-

diagnostic (0); moderate, considerable artifacts with diagnostic image quality (1); good, minor 

artifacts (2) and excellent (3) image quality. Subjective noise was further analysed and 

categorized according to the graininess on the coronary CTA image: severe image noise (0); 

above average (1); average (2); no image noise (3). Circular regions of interest (ROIs; 3-4 mm2) 

were manually placed in the coronary arteries and pericoronary fat to obtain median CT number 

in HU. ROIs were placed in a homogenous region of the proximal and distal segments of LAD, 

CX and RCA and the correspondent areas of the pericoronary fat. Artifacts, inhomogeneous 

regions and plaques were carefully avoided. Median image noise was determined as the 

standard deviation (SD) of the CT attenuation placed a circular ROI (200mm2) within the aortic 

root at the level of the LM coronary ostium. The copy and paste function of the workstation 

was used to measure exactly the same ROIs at all three reconstruction datasets. Contrast to 

noise ratios (CNR) were calculated for all segments, as CNR=(HUlumen - HUfat)/noise; HUlumen 

and HUfat represents the median CT attenuation in the coronary artery lumen and the 

pericoronary adipose tissue.253 
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For plaque quantification each dataset was loaded separately and after automated 

segmentation of the coronary tree the proximal and distal end points of each plaque were set 

manually. We took screen shots of anatomical fiducial markers to ensure that we analysed the 

same plaques across the different reconstruction datasets. Fully automated plaque 

quantification was performed without any manual corrections of boundaries to exclude the 

influence of observer bias. After automated delineation of the outer and inner vessel-wall 

boundaries we used the following fixed thresholds: calcified plaque volumes (>130 HU), non-

calcified plaque volumes with high attenuation (90-129 HU), intermediate attenuation (30-89 

HU) and low attenuation (<30 HU). Overall plaque volume, overall plaque burden (defined for 

a given lesion as the vessel volume minus the luminal volume, divided by the vessel volume at 

the site of the plaque), vessel volume and lumen volume was assessed on a per lesion basis for 

each reconstruction (Figure 11). Overall plaque volume was defined as the sum of calcified and 

non-calcified plaque component volumes on a per lesion basis.   

Figure 11 | Plaque quantification with FBP, HIR and IMR technique. Components of a mainly calcified 
atherosclerotic plaque in the proximal left anterior descending artery (LAD, marked with the blue line on the 
volumetric 3D reconstruction) are quantified using automated software after coronary segmentation (Panel 
A.). Consequently, the proximal (P) and distal (D) endpoints of the predominantly calcified plaque were 
selected on the CT images (Panel B.). After centerline extraction the software automatically detected lumen 
(yellow) and outer vessel wall (orange) contours. Panel C shows the plaque measurements for all three 
reconstructions (C/1: FBP; C/2: HIR; C/3: IMR) and the colors are indicated for various plaque components 
(white: calcified, >130 HU; dark green: non-calcified with high attenuation, 90–129 HU; light green: non-
calcified with intermediate attenuation, 30–89 HU; red: non-calcified with low attenuation (<30 HU) Plaque 
volumes were 156.0 mm3 for FBP, 148.7 mm3 for HIR and 133.2 mm3 for IMR. Calcium volumes were 80.1 
mm3 for FBP, 77.7 mm3 for HIR and 74.2 mm3 for IMR, respectively. FBP: filtered back projection; HIR: 
hybrid iterative reconstruction; IMR: iterative model reconstruction, HU: Hounsfield units. 
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Statistical analysis  

The Kolmogorov-Smirnov test was applied to evaluate normality of continuous 

variables. Continuous variables are expressed as median with interquartile range (IQR) as 

appropriate. Categorical variables are expressed as frequency and percentage. The number of 

assessable segments was compared using chi-square test. Plaque features and image quality 

parameters (both quantitative and qualitative) of the IMR, HIR, and FBP images were compared 

by using the Friedman test with Bonferroni-Dunn test for post-hoc comparisons. The Wilcoxon 

signed rank test was used to assess the difference between image quality parameters of the 

proximal and distal vessel segments. The inter-reader reproducibility between image quality 

measurements (median vascular attenuation and CNR) was calculated using Lin’s concordance 

correlation coefficient. The following descriptive scale was used for values of the concordance 

correlation coefficient: ρ<0.90 poor, 0.90-0.94 moderate, 0.95-0.99 substantial, ρ>0.99 almost 

perfect. The reproducibility of visual assessment of two observers was measured with kappa 

statistics interpreted as follows: κ <0.20 poor, 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80 

good, 0.81-1.00 very good.254 A p value of 0.05 was considered significant. Statistical analysis 

was performed using SPSS (IBM Corp, version 22.0, Armonk, NY, USA). 

 

4.1.4 Image quality in heart transplanted patients 

 

Study population  

In this retrospective matched case-control cohort study, we evaluated the image quality 

of coronary CTA performed in patients who underwent heart transplantation (HTx).255 The 

institutional review board of Semmelweis University approved the study (approval number SE-

TUKEB 173/2016), and because of the retrospective study design, informed consent was 

waived. The study was conducted in compliance with the Helsinki declaration. 

During a 4-year period, 97 coronary CTAs were performed of 57 HTx recipients to rule 

out CAV. If a patient underwent more than one scan, the scan obtained with the highest HR 

was selected. Scans with breathing artifacts (n=3), contrast agent extravasation (n=1), and high 

image noise or insufficient contrast opacification (n=3) were excluded from the study. In total, 

50 HTx recipients (HTx group) were included in the study. The image quality of the scans of 

the HTx recipients was com- pared with that of scans of a control group of patients who did not 

undergo HTx. The control group was selected from our institutional cardiac CT registry. We 
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selected the control group according to matching criteria that may influence image quality: age, 

sex, body mass index (weight in kilograms divided by the square of height in meters), HR, data 

acquisition phase (systole or diastole), and coronary dominance (Figure 12). For the HR, a 

maximum difference of ±2 beats/min was allowed; for body mass index and age, a maximum 

difference of ±10% was allowed. In addition, we matched every pair for coronary dominance. 

Codominant coronary system was regarded as left dominant. 

 

 

Coronary CTA scan protocol and image analysis 

All patients underwent imaging with a 256-MDCT scanner (Brilliance iCT 256, Philips 

Healthcare). Tube voltage was 100–120 kV, and the tube current was set to 100–300 mA 

depending on the body mass index of the patients. Collimation was 2×128×0.625 mm, with a 

gantry rotation time of 270 ms. Both the HTx recipients and the control group were scanned 

with a prospectively ECG-triggered acquisition mode. When the HR was over 80 beats/min, 

systolic triggering was used at 40% of the cardiac cycle with 3% padding (37-43% of the R-R 

interval); in all other cases, diastolic triggering was used at 78% of the cardiac cycle with 3% 

padding (75–81% of the R-R interval).256 We used a four-phase contrast injection protocol with 

iodinated contrast agent (iomeprol, 400 mg I/mL; Iomeron 400, Bracco), with a flow rate of 

4.5–5.5 mL/s with an extra saline bolus preceding the contrast bolus described in detail in 

section 4.1.2. A bolus-tracking technique was used with an ROI in the left atrium. For HR 

Figure 12 | Flowchart of study population selection. BMI = body mass index (weight in kilograms divided 
by the square of height in meters), HR = heart rate, HTx = heart transplantation. 
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control, we used 7.5-15 mg ivabradine (Procorolan, 5 mg, Les Laboratoires Servier) 

administered 3 hours before the scan in 90% of HTx recipients and 50–100 mg oral metoprolol 

and 5–20 mg IV metoprolol (Betaloc, 1 mg/mL, AstraZeneca; 5-mg ampoule) in 58% and 48% 

of control subjects, respectively. All patients received 0.8 mg of sublingual nitroglycerin 

(Nitromint, 8 mg/g, EGIS) a maximum of 1 minute before the image acquisition. Images were 

reconstructed with 0.8-mm slice thickness and 0.4-mm increment using a hybrid iterative 

reconstruction (iDOSE4, Philips Healthcare) technique. 

Reconstructed images were evaluated by two readers (with 5 and 3 years of experience 

in coronary CTA) using the 18-segment model of the SCCT.251 Coronary segments with a 

diameter greater than 1.5 mm were assessed. We used axial images, multiplanar reformations, 

and maximum intensity projections to evaluate the image quality. Motion artifacts were 

described in every coronary segment using a 4-point Likert scale: 0, excellent image quality 

with no artifacts; 1, good image quality with minor artifacts; 2, moderate image quality, 

Figure 13 | Examples of 4-point Likert scale of motion artifacts in heart transplant recipients: 0, excellent 
image quality with no artifacts (62-year-old man); 1, good image quality with minor artifacts (60-year-old 
woman); 2, moderate image quality, acceptable for routine clinical diagnosis (44-year-old woman); 3, not 
evaluable, with severe artifacts impairing accurate evaluation (60-year-old man). Upper panels show cross-
sectional CT angiography images of right coronary arteries with different motion artifact severities. Lower 
panels show same vessels in curved multiplanar reconstructions. Arrows indicate motion artifacts. 
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acceptable for routine clinical diagnosis; and 3, not evaluable, with severe artifacts impairing 

accurate evaluation (Figure 13).257,258  

To quantify the total amount of motion artifacts on a per-patient level, we defined the 

segment motion score, which describes how many segments had motion artifact, and the 

segment Likert score, which is the sum of the motion severity Likert score of the patient. 

Because the number of coronary segments affects the total obtainable score, we normalized the 

scores by dividing them by the number of segments present, which resulted in the segment 

motion score index and segment Likert score index. To describe how many non-diagnostic 

segments were present, we defined the segment non-diagnostic score and also divided it by the 

number of the evaluated segments, which yielded the segment non-diagnostic score index. 

Furthermore, to assess the effect of systolic versus diastolic triggering, we conducted a 

subgroup analysis among both HTx recipients and control subjects.  

 

Statistical analysis  

The Shapiro-Wilk test was used to assess normality. Because all continuous variables 

showed nonnormal distribution, continuous variables are expressed as median and interquartile 

range (IQR). Categoric variables are expressed as numbers and percentages. The Mann-

Whitney U test was used to compare continuous data of the HTx and non-HTx groups. 

Categoric data were compared using the chi-square test. Intrareader and inter-reader 

reproducibility was assessed on the basis of 20 randomly selected individuals’ images using 

Cohen kappa, interpreted as follows: 1.00-0.81, excellent; 0.80-0.61, good; 0.60-0.41, 

moderate; 0.40-0.21, fair; and 0.20-0.00, poor.254 All statistical calculations were done using 

SPSS software. A p<0.05 was considered significant.  

dc_1530_18

Powered by TCPDF (www.tcpdf.org)



 50 

4.2 Atherosclerotic plaque imaging by cardiac CT ex vivo investigations 

 

In the second part of my Doctoral thesis, I will describe the studies that we have 

conducted in the field of coronary atherosclerotic plaque assessment. These investigations 

reflect a continuum of medical research from bench to bedside. The ex vivo investigations were 

performed at the Massachusetts General Hospital, Harvard Medical School in Boston. The 

clinical studies were performed at the Heart and Vascular Center of the Semmelweis University 

in Budapest.  

  

4.2.1 The identification of novel signature of high-risk plaques 

 

The heart of a 54-year-old man who died from acute subarachnoidal hemorrhage was 

investigated.259 The patient’s past medical history included hypertension and hyperlipidemia, 

which had been diagnosed 5 years earlier and treated since then. The patient did not have any 

previously known coronary artery disease. The heart was transferred to the Massachusetts 

General Hospital in Histidine-tryptophan-ketoglutarate solution packed in wet ice. The cold 

ischemic time was 12 h. The right and left coronary arteries were selectively cannulated and 

filled with methylcellulose-based iodinated contrast solution to achieve an average attenuation 

Figure 14 | Ex vivo donor heart and corresponding volume-rendered CT image. The open arrowheads 
indicate coronary canules; the white arrowheads indicate coronary plaques. Ao: Aorta; CT: computed 
tomography; LAD: left anterior descending artery; LV: left ventricle; RCA: right coronary artery; RV: right 
ventricle. 
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of 250 Hounsfield Units within the coronary vessels (Figure 14). The CT data acquisition was 

performed with a 64-detector row CT scanner (Discovery High Definition 750, General 

Electrics, Milwaukee, Wisconsin) using the following parameters for both the nonenhanced and 

contrast-enhanced scans: 64´0.625 collimation; 0.35 s rotation time; tube voltage of 120 kV; 

tube current of 500 mAs. A simulated ECG signal was used for prospective triggering. The 

entire dataset was reconstructed with a 0.625 mm slice thickness and 0.625 mm increment using 

a clinically available, raw data based adaptive statistical iterative reconstruction with a 0.28 

mm ´ 0.28 mm pixel spacing. Following the CT data acquisition, the coronary arteries were 

excised and fixed in formalin. Histological sections were obtained in every 1 mm throughout 

the entire length of the coronary artery. Sections were stained with Movat’s pentachrome and 

H&E. The CT cross sections and the histopathological slides were aligned based on absolute 

distance measurements and on identification of fiduciary markers (side branches, bifurcations, 

and vessel wall morphological features). 

 

4.2.2 Attenuation pattern-based plaque classification 

 

All procedures were approved by the institutional ethics committees of the 

Massachusetts General Hospital and were performed in accordance with local and federal 

regulations and the Declaration of Helsinki. The donor hearts were provided by the 

International Institute for the Advancement of Medicine (Jessup, Pennsylvania). The inclusion 

criteria were the following: donor age between 40 and 70 years, male sex, and history of 

myocardial infarction or coronary artery disease proven by diagnostic tests. Donors who 

underwent coronary artery bypass graft surgery were excluded from this study. The maximum 

allowed warm ischemia time was 6 h, and the maximum allowed cold ischemia time was 15 h. 

Seven isolated donor hearts (the median age of the donors: 53 years, range 42 to 61 years) were 

investigated.260 The cause of death was stroke in 6 cases, and in 1 case, the cause of death was 

non-natural (suicide). 

To prepare donor hearts, the right and the left coronary arteries were selectively 

cannulated and the coronaries were flushed with saline to remove air bubbles and superficial 

thrombi. A rubber balloon filled with 50 to 100 ml water was placed in the left ventricle to 

retain the physiological shape of the heart. The organ was positioned in the center of a canola 

oil tank to simulate the pericardial adipose tissue layer. The oil tank was secured on the CT 

table and an in-house prepared contrast agent was injected in the coronary arteries. To achieve 
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an intraluminal contrast enhancement similar to in vivo coronary CTA, methylcellulose 

(Methocel, DOW Chemical Company, Midland, Michigan) with 3% iopamidol contrast agent 

(Isovue 370, Bracco Diagnostics, Milan, Italy) was used. All CT data acquisition was per- 

formed with a 64-detector row CT scanner (High- Definition, GE Discovery, CT 750HD, GE 

Healthcare, Milwaukee, Wisconsin) using a sequential acquisition mode. The scan parameters 

were the following: 64´0.625 mm collimation; 0.35 s rotation time; tube voltage of 120 kV; 

tube current time product of 500 mAs. The entire dataset was reconstructed using an adaptive 

statistical iterative reconstruction technique (ASIR, GE Healthcare,) with a 40% blend with 

filtered back- projection. All reconstructed coronary CTA images were sent to an offline 

workstation for further analysis (Leonardo, Siemens Healthcare, Erlangen, Germany). 

Subsequent to the coronary CTA imaging, the coronary arteries were excised with surrounding 

tissue and the side branches were ligated. The coronaries were pressure-perfused (130 mm Hg) 

with 10% buffered neutral formalin solution to achieve tissue fixation. The preparation and the 

coronary CTA imaging were completed within 4 h after receiving the heart to avoid potential 

post-mortem changes of the tissue.  

 

Histological analysis and image co-registration  

The histological preparation and analysis was performed by experts specialized in 

cardiovascular pathology. Paraffin sections were obtained in 1.5-mm and in 2-mm increments 

(382 cuts and 185 cuts, respectively). Coronary artery segments with minimal atherosclerotic 

disease were sectioned every 5 mm (44 slides). The thickness of a single histological section 

was 6 µm. All sections were stained with Movat pentachrome. Each cross section was classified 

according the modified American Heart Association scheme into the following categories: 

adaptive intimal thickening (AIT); pathological intimal thickening (PIT); fibrous plaque (Fib); 

early fibroatheroma (EFA); late fibroatheroma (LFA); thin cap fibroatheroma (TCFA).6 

According to a report on atherosclerotic lesion classification from the American Heart 

Association, the AIT, Fib, and PIT were considered early atherosclerotic lesions, and EFA, 

LFA, and TCFA were categorized as advanced lesions.261 The differentiation between early 

and advanced atherosclerotic lesions is based on histological criteria, where the terms mean 

both time-dependent development and complexity of atheroma formation. Advanced lesions 

are associated with vulnerability and with a higher risk of a subsequent clinical event.261,262 

In addition to the analysis of the individual cross sections, we stratified each of the 21 

vessels into individual atherosclerotic plaques. A plaque was defined as at least 1 cross section 
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with Fib, EFA, LFA, or TCFA and separated (from the next lesion) by at least 1 cross section 

with AIT or PIT. A plaque was defined as advanced atherosclerotic plaque if it contained at 

least 1 cross section with EFA, LFA, or TCFA. 

An experienced investigator, who did not take part in the image assessment, performed 

the co-registration of coronary CTA and histology images. A multiplanar reconstruction 

technique was used to generate coronary CTA images perpendicular to the vessel centerline at 

the position of the histological cuts. A combined mathematical and anatomical approach was 

used to match the coronary CTA and histological images. As the first step, we calculated the 

distance of each image cross section from the 0-reference point (distal end of the plastic luer). 

Second, we used anatomical markers visible on both coronary CTA and histology, such as side 

branches, bifurcations, and features of vessel wall morphology (e.g., plaque shape, calcification 

pattern, orientations of the myocardium and pericardial adipose tissue layer) to match the 

position and set the rotational orientation of each image. 

We formed the qualitative reading of all coronary CTA cross sections and assessed the 

images for the presence and composition of plaque as will be described. Subsequently we 

performed the analyses of 100 randomly selected cross sections to calculate interobserver 

variability. Initially, plaque was characterized as non-calcified plaque (NCP), calcified (CP), or 

partially calcified plaque (PCP). Specifically, any discernible structure that could be assigned 

to the coronary artery wall, but with a CT density below the contrast-enhanced coronary lumen 

and above the surrounding connective tissue, was defined as non- calcified coronary 

atherosclerotic plaque.77 Any hyperdense structure that could be visualized separately from the 

contrast-enhanced coronary lumen (either because it was “embedded” within NCP or because 

its density was above the contrast- enhanced lumen) and could be assigned to the coronary 

artery wall was defined as calcified atherosclerotic plaque.77 

A second qualitative reading was performed to describe the attenuation pattern of NCP 

in cross sections previously classified as NCP or MP. A plaque cross section was classified as 

heterogeneous if at least 2 regions of different attenuation could be visually distinguished within 

the noncalcified portion, whereas the plaque was classified as homogenous if no such 

distinction could be made. Plaque cross sections with a heterogeneous attenuation pattern were 

further subclassified into plaques with and without the napkin-ring-sign (NRS) that we have 

identified previously (described in sections 4.2.1 and 5.2.1).259 NRS was defined as the presence 

of low CT attenuation in the center of the plaque close to the lumen surrounded by a rim area 

of higher attenuation.259 Heterogeneous plaques were identified as non-NRS plaques if the 

pattern of low and high attenuation was spatially non-structured or random. Thus, the PAP 
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classification scheme comprised 3 categories: homogenous plaque; non-NRS heterogeneous 

plaque; and NRS heterogeneous plaque (Figure 15). All readings were performed with a fixed 

window setting (700 Hounsfield units [HU] width, 200 HU level). 

 

Statistical analysis 

Continuous variables were expressed as mean±SD, and categorical variables were 

expressed as frequencies or percentages. To determine interobserver variability, an independent 

reader assessed a random subset of 100 cross-registered coronary CTA images for conventional 

plaque categories and PAP. The interobserver agreement was evaluated using Cohen kappa 

statistics that were interpreted as follows. A k value greater than 0.80 corresponded to an 

excellent agreement, and a kappa value of 0.61 to 0.80 corresponded to a good interobserver 

agreement.263 

For all remaining analysis, cross sections containing purely calcified plaque on coronary 

CTA were excluded. We determined whether the distribution of the PAP categories 

(homogenous, heterogeneous with and without the NRS) differed between traditional plaque 

categories (NCP, MP) and whether the frequency of advanced lesions (defined as EFA, LFA, 

or TCFA) and TFCA differed significantly within PAP categories (homogenous, heterogeneous 

with and without the NRS) and traditional plaque categories (NCP, MP). To test for statistical 

significance, Fisher exact test was used for 2´2 tables and chi-squared test for tables with more 

Figure 15 | Conventional and attenuation pattern-based plaque classification schemes in coronary CTA. The 
centre panel shows a volume-rendered coronary CTA image of a cadaver heart. The traditional plaque 
classification scheme differentiates between a | noncalcified, b | calcified, and c | partially calcified (mixed) 
plaques. CT attenuation pattern-based classification (right panel) differentiates between d | homogeneous, e 
| heterogeneous, and f | napkin-ring plaques. The corresponding histology slides show a | pathological intimal 
thickening, b | fibrous plaque with sheet calcification, c | pathological intimal thickening with spotty 
calcification, d | a fibrous plaque, e | early fibroatheroma with intraplaque haemorrhage (arrow), and f | a late 
fibroatheroma with large necrotic core. Abbreviations: Ca, calcium; L, lumen. 
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rows or columns. 

To determine the diagnostic accuracy of CT-based plaque composition (both 

conventional and attenuation pattern-based classification) for the detection of advanced lesions 

and TFCA sensitivity, specificity, negative predictive value, and positive predictive value were 

calculated from 2´2 contingency tables. We calculated binomial 95% confidence intervals (CI), 

as well 95% CI adjusted for the correlated data structure on a per lesion level. For this, a SAS 

(SAS Institute Inc., Cary, North Carolina) macro has been written using a within-cluster 

correlation estimator.135,264 Adjusted 95% CI have been reported if not otherwise specified. To 

assess further the diagnostic capacity CCTA to detect advanced lesions and TFCA, the C-

statistic was used. In the first step, the categories for each classification scheme were sorted 

separately by their likelihood ratio for advanced lesions and TFCA. Next, separated logistic 

regression models for each scheme were fitted, and C-statistics were derived, which are 

equivalent to the AUC.265 The asymptotic 95% CI for the AUC were estimated using a 

nonparametric approach, which is closely related to the jackknife technique as proposed by 

DeLong et al. and comparisons in AUC/C-statistics were performed by using a contrast 

matrix.266 All statistical tests were performed by using software SAS (version 9.2). A p value 

of <0.05 was considered statistically significant. 
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4.2.3 Multimodality plaque imaging 

 

In this investigation we have included three isolated donor hearts with proven coronary 

artery disease.267 The coronary CTA protocol was the same as described in the section 4.2.2.. 

After coronary CTA was completed, the coronary arteries were flushed with saline to remove 

iodinated contrast medium (Figure 16). Prior to the IVUS imaging, the coronary arteries were 

connected to a pressure-perfusion system filled with phosphate-buffered saline and perfused 

with a constant pressure of 130 mmHg. A guidewire with hydrophobic coating (Cougar XT; 

Medtronic, Minneapolis, MN) was introduced in all three major coronary arteries. IVUS was 

performed by using a 40-MHz intravascular US catheter (Galaxy; Boston Scientific, Boston, 

Mass) and motorized pullback (0.5 mm/sec, 30 frames/sec, from distal to proximal). Images 

were digitized and stored for further analysis on an offline workstation (OsiriX 3.8; the OsiriX 

Foundation, Geneva, Switzerland).  

Optical frequency domain imaging (OFDI) was performed with a prototype clinical 

system developed at the Wellman Center for Photomedicine at Massachusetts General 

Hospital.268 The OFDI system acquired images at 20 frames per second, with a total of 2048 

radial scans per circular cross section. Axial resolution was 7 mm in tissue, with a refractive 

index of 1.4 and a signal-to-noise ratio of 110 dB. Notably, the axial resolution of OFDI can be  

Figure 16 | A, Volume-rendered CT reconstruction of coronary anatomy. CX = circumflex artery, LAD = 
left anterior descending artery, RCA = right coronary artery. B, Curved multiplanar reconstruction of left 
anterior descending (LAD) artery and circumflex artery (CX) show air bubble-free and homogeneous luminal 
enhancement of the vessels. C, After formalin fixation, the coronary arteries were excised. Black arrowheads 
in B, C = distal end of the plastic luer, which served as the zero reference point for image cross registration. 
White arrowheads (green surgical knots) in C = 40-mm and 80-mm reference distances. 
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lower in clinical practice (approximately 10-15 mm).269 The OFDI catheter had 30-mm 

transverse resolution with a focal distance of approximately 2 mm. The motorized pullback 

speed of the optical imaging core was 1 mm/sec, which translated to a 50-mm longitudinal 

resolution. The OFDI catheter was positioned in the distal portion of the coronary artery to 

maximize the length of each imaged vessel segment. During OFDI, the coronary arteries were 

perfused with phosphate-buffered saline. The images were processed at an offline workstation 

(OsiriX 3.8). 

Histologic preparation and analysis were performed as described in section 4.2.2. 

Briefly, paraffin slices (thickness, 6 mm) were obtained in 1.5 mm increments throughout the 

entire length of each coronary artery, starting at the zero-reference point (distal end of the luer) 

and numbered consecutively. The mean analysed vessel length was 60 mm (range, 25-110 mm). 

The slices were stained with Movat pentachrome and hematoxylineosin (H&E). Images from 

all three imaging modalities and from histologic examination were coregistered and analysed 

by using clinically accepted algorithms.  

 

Statistical analysis 

Continuous variables were expressed as means 6 standard deviations, and categorical 

variables were expressed as percentages. The interobserver agreement for plaque differentiation 

was assessed for each modality (coronary CTA, IVUS and OFDI) by using Cohen k statistics 

interpreted as follows: A k value >0.80 corresponded to excellent agreement, and a k value 

between 0.61 and 0.80 corresponded to good interobserver agreement.263 

To assess the association for each category of coronary CTA, IVUS, and OFDI with 

early or advanced lesion as defined by histopathologic findings, we used odds ratios (ORs). An 

OR>1.0 indicated an in- creased probability of a lesion being an advanced lesion, whereas an 

OR<1.0 indicated an increased probability of a lesion being an early lesion. The Fisher exact 

test was used to evaluate whether these crude associations were significant. In addition, we 

recalculated these associations accounting for clustering effects within a lesion by using non-

linear mixed-effects models (SAS proc NLmixed; SAS Institute, Cary, NC). All statistical tests 

were performed by using software (SAS, version 9.2; SAS Institute). A p value of less than 

0.05 was considered to indicate a statistically significant difference.  
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4.2.4 Performance of CT versus invasive coronary angiography to detect plaques  

Study population  

The Genetic Loci and the Burden of Atherosclerotic Lesions (GLOBAL) study enrolled 

patients who were referred to coronary CTA due to suspected CAD (NCT01738828).270,271 The 

study was approved by the Institutional Ethical Review Board, and all participants provided 

written informed consent for the GLOBAL study. Out of the 883 patients enrolled by our 

institution into the GLOBAL study, we selected individuals who underwent both coronary CTA 

and invasive coronary angiography (ICA) within 120 days.60 Only patients with diagnostic 

image quality for all coronary segments were selected. In total, 71 patients were included in our 

analysis. In 58 patients, ICA followed CTA based on clinical findings, while in 13 cases ICA 

was carried out before CTA. 

These patients were either 

referred to CTA after 

revascularization due to 

atypical chest pain (seven 

patients), or were referred to left 

atrial angiography before 

radiofrequency ablation (six 

patients), Table 4.  
 

Cardiac CT scan and image analysis protocol  

All patients underwent a prospectively ECG-triggered coronary CTA scan using a 256-

slice multi-detector row computed tomography. Oral β-blockers (metoprolol, maximum dose 

100 mg) were administered one hour before the procedure, if the heart rate was above 65 beat 

per minutes. Coronary CTA images were acquired in axial mode with 270 msec rotation time, 

128×0.625 mm collimation, tube voltage of 100-120 kVp at 78% of the R-R interval.  

All images were randomly and independently analysed. Semi-quantitative plaque 

burden quantification of ICA images was performed by an interventional cardiologist (IFÉ with 

10 years of experience). A minimum of 5 projections of the left and right coronary systems 

were acquired in each patient. All coronary segments were analysed blinded to CTA results, 

using a minimum of 2 projections. Images were analysed using axial thin-slice and multiplanar 

reformations (Figure 17). For inter-reader reproducibility measures, ICA and CTA images were 

also analysed by second readers. 

 Table 4 Demographics of study population 
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A total of 1016 segments were assessed based on the 18-segment SCCT classification 

with both modalities.272 We excluded 16 segments due to presence of coronary stents leading 

to overall 1000 analysed segments. All segments were scored for the presence or absence of 

plaque (0: Absent; 1: Present) and the degree of stenosis (0: None; 1: Minimal (<25%); 2: Mild 

(25%-49%); 3: Moderate (50%-69%); 4: Severe (70%-99%) or 5: Occlusion (100%)). In case 

multiple lesions were present in a segment, the observers recorded the highest degree of stenosis 

for that segment. In each patient, segment involvement score (SIS) was used to quantify the 

number of segments with any plaque, whereas segment stenosis score (SSS) was calculated by 

summing the stenosis scores of each segment. Indexed values were calculated by dividing the 

SIS and SSS scores by the number of segments: segment involvement score index (SISi) = SIS 

/ number of segments; segment stenosis score index (SSSi) = SSS / number of segments. 

Based on Bittencourt et al. the patients were classified as extensive obstructive (SIS > 

4 and ≥50% stenosis), extensive non-obstructive (SIS > 4 and <50% stenosis), non-extensive 

obstructive (SIS ≤ 4 and ≥50% stenosis) or non-extensive non-obstructive (SIS ≤ 4 and <50% 

stenosis) based on ICA and also CTA results.117  
 

Statistical analysis 

All continuous variables are expressed as mean±standard deviation (SD), while 

categorical variables are expressed as frequencies and percentages. Presence of plaque was 

compared using the chi-square test between modalities. Sensitivity, specificity, positive 

predictive value and negative predictive value were calculated to assess the diagnostic accuracy 

of CTA as compared to ICA as reference standard. SIS, SSS and SISi, SSSi were compared 

using the paired t-test between modalities. Intra-reader and inter-reader reproducibility were 

Figure 17 | Representative image showing the difference in plaque burden observed using coronary CTA and 
ICA images. Coronary CTA and ICA images of a 55-year-old man. (A) Coronary CTA and (B) ICA images of 
the right coronary artery of the patient. Although coronary CTA showed 4 plaques, ICA only detected 1. (C, D) 
Coronary CTA and ICA images, respectively, of left coronary artery. Coronary CTA shows 2 plaques that were 
not detected on ICA. 
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assessed based on 20 randomly selected individuals’ images using Cohen’s  k for stenosis 

categories, and intra-class correlation (ICC) for segment scores. Cohen’s k and ICC values are 

interpreted as: 0.81 - 1.00: Excellent; 0.61 - 0.80: Good; 0.41 - 0.60: Moderate; 0.21 - 0.40: 

Fair; 0.00 – 0.20: Poor.263,273 Reclassification rate was calculated by dividing the number of 

people who shifted groups based on the two modalities by the total study population. All 

statistical calculations were performed using SPSS software (SPSS version 23; IBM Corp., 

Armonk, NY). A p-value of 0.05 or less was considered significant. 
 

4.2.5 Coronary CTA based radiomics to identify napkin-ring plaques 

Study design and study population  

Institutional review board approved the study (SE TUKEB 1/2017) and due to the 

retrospective study design informed consent was waived. The data and study materials will not 

be made available to other researchers for purposes of reproducing the results or replicating the 

procedure due to intellectual property and patient confidentiality. However, we made our 

analysis software open source and freely accessible for other researchers.  

From 2674 consecutive coronary CTA examinations we retrospectively identified 39 

patients who had NRS plaques.274 Two expert readers re-evaluated the scans with NRS plaques. 

To minimize potential variations due to inter-reader variability the presence of NRS was 

assessed using consensus read. Readers excluded 7 patients due to insufficient image quality 

and 2 patients due to the lack of the NRS, therefore 30 coronary plaques of 30 patients (NRS 

group; mean age: 63.07 years [IQR: 56.54; 68.36]; 20% female) were included in our analysis. 

As a control group, we retrospectively matched 30 plaques of 30 patients (non-NRS group; 

mean age: 63.96 years [IQR: 54.73; 72.13]; 33% female) from our clinical database with 

excellent image quality. To maximize similarity between the NRS and the non-NRS plaques 

and minimize parameters potentially influencing radiomic features, we matched the non-NRS 

group based on: degree of calcification and stenosis, plaque localization, tube voltage and image 

reconstruction.  

To assess image quality, we measured the signal-to-noise ratio defined as the mean 

coronary luminal CT attenuation in Hounsfield units (HU) adjacent to the plaque in a healthy 

segment divided by the standard deviation of the CT attenuation in the aorta measured in a 

region of interest at least 2 cm2 at the level of the left main trunk. Contrast-to-noise ratio (CNR) 

was calculated as the mean luminal HU minus the perivascular HU at the site of the plaque 

divided by the standard deviation of the aortic HU. All measurements were performed on a 
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clinical workstation (IntelliSpace portal, Philips Healthcare, Best, The Netherlands). Detailed 

patient and scan characteristics are summarized in Table 5.  
 

 

 

Conventional and radiomic plaque assessment 

All plaques were graded for luminal stenosis (minimal 1-24%; mild 25-49%; moderate 

50-69%; severe 70-99%) and degree of calcification (calcified; partially calcified; non-

calcified). Furthermore, plaques were classified as having low-attenuation if the plaque cross-

section contained any voxel with <30 HU, and having spotty calcification if a <3 mm calcified 

plaque component was visible. Detailed plaque and imaging information is shown in Table 6. 

Image segmentation and data extraction was performed using a dedicated software tool for 

automated plaque assessment (QAngioCT Research Edition; Medis medical imaging systems 

bv, Leiden, The Netherlands). After automated segmentation of the coronary tree the proximal 

and distal end of each plaque were set manually. Automatic lumen and vessel contours were 

manually edited by an expert if needed.275 From the segmented datasets 8 conventional 

quantitative metrics (lesion length, area stenosis, mean plaque burden, lesion volume, 

remodeling index, mean plaque attenuation, minimal and maximal plaque attenuation) were 

Table 5 Patient characteristics and scan parameters. 
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Table 6 Plaque and image quality characteristics. 

dc_1530_18

Powered by TCPDF (www.tcpdf.org)



 63 

calculated by the software. The voxels containing the plaque tissue were exported as a DICOM 

dataset using a dedicated software tool (QAngioCT 3D workbench, Medis medical imaging 

systems bv, Leiden, The Netherlands). Smoothing or interpolation of the original HU values 

was not performed. Representative examples of volume rendered and cross-sectional images of 

NRS and non-NRS plaques are shown in Figure 18.  

 

We developed an open source software package in the R programing environment 

(Radiomics Image Analysis (RIA)) which is capable of calculating hundreds of different 

radiomic parameters on two- and three-dimensional datasets.276 We calculated 4440 radiomic 

features for each coronary plaque using the RIA software tool. Using RIA software package, 

we calculated 44 first-order statistics, 3585 gray level co-occurrence matrix (GLCM) based 

parameters, 55 gray level run length matrix (GLRLM) based metrics and 756 geometry based 

statistics. For first-order statistics 3D arrays containing the HU values were transformed to a 

1D vector, from which the statistics were calculated. For GLCM, GLRLM and geometry based 

analysis images were discretized by dividing the voxel values into 2, 4, 8, 16 and 32 equally 

probable bins each containing the same number of voxels. This resulted in 5 replicas of the 

images. The different bin sizes significantly affect the calculated radiomic feature values. Fewer 

Figure 18 | Representative images of plaques with or without the napkin-ring sign (NRS). Volume-rendered and 
cross-sectional images of plaques with NRS in the top (A, C, and E) and their corre- sponding matched plaques in 
the bottom (B, D, and E) are shown. Green dashed lines indicate the location of cross- sectional planes. Colours 
indicate different computed tomographic attenuation values. NCP indicates noncalcified plaque. 
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bins mean more robust values, however result in information loss, while more bins are 

susceptible to noise, but preserve more information.277 We conducted our analysis hypothesis 

free, in a data driven manner by calculating statistics for each discretized image.  

GLCM are matrices, where the element in the ith row and jth column represents the 

probability of finding a voxel with value j next to a voxel of value i in a given direction and 

distance. Each statistic was calculated for each of the 26 possible directions in 3D space and 

then averaged to receive rotationally independent measures. All statistics were calculated for 

distances 1, 2 and 3 voxels.  

In the GLRLM matrix the element in the ith row and jth column represents how many 

times i value voxels occur next to each other j times in a given direction. Each statistic was 

calculated for each possible run direction in 3D space and then averaged to obtain rotationally 

independent measures.  

Geometry-based statistics were done on raw data as well as discretized images. 

Surfaces, volumes and radiomic parameters were calculated from the dimensions of the raw 

image, where the voxels in-plane dimensions were equal to pixel spacing, while the cross-plane 

dimension was equal to the spacing between the slices. Fractal dimensions were calculated by 

padding the lesion into an isovolumetric cube with sides equal to the next greatest power of two 

of the longest dimension of the lesion. Consecutively smaller and smaller cubes were used to 

cover the lesion and calculate the given statistic.  

 

Statistical analysis 

Binary variables are presented as frequencies and percentages, while ordinal and 

continuous variables are presented as medians and interquartile ranges (IQR) due to possible 

violations of the normality assumption. For robust statistical estimates, parameters between the 

NRS and the non-NRS group were compared using the permutation test of symmetry for 

matched samples using conditional Monte Carlo simulations with 10,000 replicas.278 For 

diagnostic performance estimates, we conducted ROC analysis and calculated AUC with 

bootstrapped confidence intervals values using 10,000 samples with replacement and calculated 

sensitivity, specificity, positive and negative predictive value by maximizing the Youden 

index.279 To assess potential clusters among radiomic parameters, we conducted linear 

regression analysis between all pairs of the calculated 4440 radiomic metrics. The 1-R2 value 

between each radiomic feature was used as a distance measure for hierarchical clustering. The 

average silhouette method was used to evaluate the optimal number of different clusters in our 
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dataset.280 Furthermore, to validate our results we conducted a stratified 5-fold cross-validation 

using 10,000 repeats of the three best radiomic and conventional quantitative parameters. The 

model was trained on a training set and was evaluated on a separate test set at each fold using 

ROC analysis. The derived curves were averaged and plotted to assess the discriminatory power 

of the parameters. The number of additional cases classified correctly was calculated as 

compared to lesion volume. The McNemar test was used to compare classification accuracy of 

the given parameters as compared to lesion volume.281 

Due to the large number of comparisons, we used the Bonferroni correction to account 

for the family wise error rate. Bonferroni correction assumes that the examined parameters are 

independent of each other, thus the question is not how many parameters are being tested, but 

how many independent statistical comparisons will be made. Therefore, based on methods used 

in genome-wide association studies (GWAS) we calculated the number of informative 

parameters accounting for 99.5% of the variance using principal component analysis.282,283 

Overall, 42 principal components identified, therefore p values smaller than 0.0012 (0.05/42) 

were considered significant. All calculations were done in the R environment.284 

 

4.2.6 Cardiac CT based FFR simulation  

Study design and study population  

Patients >18 years old, with no prior history of ischemic heart disease and with 

symptoms of stable chest pain were prospectively enrolled from two European centers.285 

Subjects were excluded from this study if they could not provide informed consent, were 

pregnant, had stage IV chronic kidney disease, had a documented allergy to iodinated contrast 

or had contraindications to betablockers, nitogylcerine or adenosine. Final study selection 

required high CTA image quality, and 

an intermediate stenosis severity of 

between 30-70%. The clinical teams 

were blinded to the on-site FFR-CT 

results. ICA was performed on all 

patients and invasive FFR was 

performed for the target lesion as 

determined by CTA and all bystander 

lesions. Detailed patient demographics 

are listed in Table 7. The study was 

Table 7 Patient demographics 
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approved by both Institutional Ethical & Research Governance Review Boards, and all 

participants provided written informed consent.  

 

Image acquisition and analysis  

Patients underwent a non-contrast enhanced prospectively triggered CT for Agatston 

score evaluation followed by a coronary CTA. The CTA was performed using either 

retrospectively ECG gated tube dose modulated helical protocol on a 64-slice CT (Brilliance 

64, Philips Healthcare, Cleveland Ohio, USA) or prospectively ECG triggered CTA using a 

256-slice CT (Brilliance iCT, Philips Healthcare, Cleveland Ohio, USA). Local CTA protocols 

were used for scan acquisition, typically tube voltage was 100-120 kVp depending on the body 

mass index (BMI) of the patients, while tube current was 600-800 mAs for retrospective gated 

helical scans, and 200-300 mAs for axial scans triggered prospectively. For heart rate control, 

oral and intravenous beta-blockade was used if heartrate was >65 bpm. All patients received 

0.8 mg sublingual nitroglycerine before the image acquisition. Images were reconstructed with 

a slice thickness of 0.8 mm at an increment of 0.4 mm using a standard filter. 

Patients underwent ICA within 60 days of the coronary CTA. For FFR measurements 

the pressure wire (St Jude Medical, St Paul Minnesota, USA) was initially calibrated and then 

passed beyond the stenosis. For tandem lesions, measurements were made by manual pullback 

for both lesions separately. Hyperemia was induced by means of intravenous infusion of 

adenosine at 140 μg per kilogram of body weight per minute. FFR values of 0.80 or less were 

considered to indicate hemodynamically significant stenoses.  

Coronary lumen segmentation was performed automatically using a commercially 

available advanced cardiac application (Comprehensive Cardiac Analysis, IntelliSpace Portal 

Version 6.0, Philips Healthcare, Cleveland, Ohio, USA). Each of us (an experienced 

cardiologist from Belfast and myself) independently reviewed the lumen segmentation in all 

cases, performing corrections as needed. Additionally, I have also reviewed and corrected the 

lumen segmentation of all the cases after a period of 3 months to assess intra-observer 

variability. The effective luminal diameter stenosis (EDS) was quantified on curved multiplanar 

reformatted images using a dedicated software tool by identifying the minimum diameter and 

the reference diameter for all stenosis (Comprehensive Cardiac Analysis, IntelliSpace Portal 

Version 6.0, Philips Healthcare, Cleveland, Ohio, USA). The segmented coronary artery tree 

lumen was used as an input to a research prototype on-site FFR-CT simulation algorithm 

(Version 1.0.2, Philips Healthcare, Cleveland, Ohio, USA). A representative image of on-site 

FFR-CT simulation is shown in Figure 19. 
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Statistical analysis  

All continuous variables are expressed as mean ± standard deviation (SD) or as median 

with interquartile range (IQR), as appropriate. Normality was assessed using the Shapiro-Wilk 

test. Categorical variables are expressed as frequencies and percentages. Invasive FFR values 

were compared to the on-site FFR-CT values using the Bland-Altman plot.286 For diagnostic 

performance analysis of EDS and on-site FFR-CT values, area under the curve (AUC) was 

calculated using receiver operating characteristics. 95% confidence intervals were calculated 

using 2000 stratified bootstrap replicates. Sensitivity, specificity, positive and negative 

predictive values were calculated using a threshold of ≥50% EDS and ≤0.80 FFR-CT value. 

For reliability measures, intra-reader and inter-reader reproducibility was assessed based on all 

60 lesions using the ICC interpreted as: 1.00-0.81: Excellent; 0.80-0.61: Good; 0.60-0.41: 

Moderate; 0.40-0.21: Fair; 0.20-0.00: Poor.273 Diagnostic performance values between the 

readers’ FFR-CT values were compared using the DeLong method.287 All statistical 

calculations were performed using SPSS software (SPSS version 23; IBM Corp., Armonk, NY) 

and R (version: 3.2.5). A p-value of 0.05 or less was considered significant.  

 

4.3 Adipose tissue compartments and their heritability 
 

In the third part of my Doctoral thesis, I will elaborate on studies that we have performed 

to study the relationship between epicardial adipose tissue, circulating biomarkers and coronary 

Figure 19 | A representative example of the on-site FFR-CT simulation. Coronary CTA examination showed 
a partially calcified plaque on the proximal LAD causing moderate stenosis (50% to 69%) (Panels A and B). 
The FFR-CT simulation demonstrated lesion-specific ischemia with a FFR-CT value of 0.70 (Panel C). The 
invasive FFR measurement confirmed the ischemia caused by the proximal LAD stenosis with an FFR value 
of 0.72 (Panel D). CTA = computed tomography angiography; FFR-CT = computed tomography-derived 
fractional flow reserve; LAD = left anterior descending coronary artery; LM = left main coronary artery. 
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atherosclerotic plaques. In addition, we have studied the heritability of epicardial adipose tissue 

quantity. The first part of the investigations was performed at the Massachusetts General 

Hospital, Harvard Medical School in Boston. The heritability studies were performed in 

collaboration with the Hungarian Twin Registry at the Heart and Vascular Center of the 

Semmelweis University in Budapest.  
 

4.3.1 Epicardial fat and coronary artery disease 

 

Study design and study population  

 From May 2005 to May 2007 consecutive subjects were prospectively enrolled as part of 

the ROMICAT (Rule Out Myocardial Infarction using Computer Assisted Tomography) trial 

(NCT00990262).288 The main inclusion criteria were: patients with age >18 years and admitted 

to rule out myocardial infarction through standard care protocols. The main exclusion criteria 

were: Elevated troponin I or CK-MB levels in the initial blood sample obtained in the 

emergency department; new diagnostic ECG changes for myocardial infarction; hemodynamic 

or clinical instability; history of established CAD, defined as stent implantation or coronary 

artery bypass grafting. From the 368 patients who underwent 64-slice multi-detector CT, only 

patients where pericoronary, epicardial, periaortic, and intrathoracic fat (Figure 20) were 

available for measurements were included in this analysis.289  We excluded a total of 26 patients 

who did not have axial images extending caudally to allow for measurement of periaortic fat 

and thus included a total of 342 patients.  
 

Figure 20 | Depiction of thoracic adipose tissue depots on contrast-enhanced cardiac computed 
tomography. (A) Pericoronary fat is indicated by red voxels. Green voxels represent the coronary vessel 
lumen. (B) Epicardial fat (pink) includes all fat contained within the visceral pericardium. Epicardial fat 
includes all pericoronary fat. (C) Periaortic fat (yellow) includes fat surrounding the descending thoracic 
aorta. (D) Intrathoracic fat (purple) is the entirety of fat within the thorax including the areas of fat within 
the pericardium and external to the pericardium. 
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Imaging protocol and analysis  

 CT imaging was performed using a standard coronary artery 64-slice multidetector CT 

(Sensation 64, Siemens Medical Solutions, Forchheim, Germany) imaging protocol using a 330 

ms rotation time, 32 x 0.6 mm collimation, tube voltage of 120 kVp, and maximum effective 

tube current-time product of 850 mAs.288  

Pericoronary fat volume (Figure 20A) was measured using a method of threshold-based 

volumetric pericoronary fat volume (cm3) assessment based on a modified application of 

software for coronary plaque quantification.289 Briefly, pericoronary fat measurements started 

at the ostium of the left main (LM)/left anterior descending coronary artery (LAD), left 

circumflex artery (LCx), and right coronary artery (RCA) and continued to a distance of 40 

mm. Manual tracing was used to circle the region containing pericoronary fat in cross-sectional 

images perpendicular to the vessel centerline in every 5 mm. The exact pericoronary fat volume 

within the manually traced region was calculated by the software using Hounsfield unit (HU) 

based thresholds.  Voxels with values between the minimum setting of the SUREPlaque (Vitrea 

2, Version 3.9.0.1, Vital Images Inc, Plymouth, MN) tool (-149HU) and an upper threshold of 

-30HU were used to represent adipose tissue, and the total pericoronary volume was calculated 

by summing these voxels along the course of each coronary artery.  

Epicardial fat volume (Figure 20B), defined as adipose tissue contained within the 

visceral pericardium, in cm3 was measured.290 Measurements were made on axial CT images 

using a semiautomatic software program (Volume Viewer, Siemens Medical Solutions, 

Forchheim, Germany) at 10 mm intervals with interpolation of fat volume between the planar 

regions of interest. Manual adjustment was made when necessary to correct for interpolation 

errors and tracings were confirmed through use of sagittal and coronal planes.  Pixels with HU 

values of -190 to -30 within the selected region were defined as adipose tissue. Epicardial fat 

volume used for analysis was calculated as the absolute difference between the measured 

epicardial fat and pericoronary fat volumes. 

Periaortic fat volume (Figure 20C) was measured in accordance with the previously 

published methods using a semiautomated method on a dedicated offline workstation (Volume 

Viewer, Siemens Medical Solutions, Forchheim, Germany). 291,292 Briefly, the volume of 

interest was defined by an approximately 7.0 cm vertical column of fat surrounding the thoracic 

aorta between the pulmonary artery bifurcation and the diaphragm.292 Periaortic fat was defined 

by voxels between -190 and -30 HU within this columnar region of interest, and total periaortic 

fat volume was determined.  
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For the calculation of the extracardiac fat volume in cm3 we have subtracted epicardial 

fat volume from the sum of intrathoracic fat and periaortic fat volumes. Intrathoracic fat volume 

(Figure 20D) defined as all fat contained within the mediastinum 290. For intrathoracic fat 

measurements, the mediastinum was defined as the area bordered by the sternum anteriorly, 

anterior wall of the descending aorta posteriorly, the center of the right pulmonary artery 

superiorly, and the diaphragm inferiorly. Pixels from -190 to -30 HU within the mediastinal 

boundaries were defined as intrathoracic fat. Presence of coronary artery plaque by CT was 

assessed based on a 17-segment model.288,293 Extent of coronary artery plaque burden was 

examined by stratifying patients into 3 groups, those with 0 segments containing plaque, 1-3 

segments containing plaque, or >3 segments containing plaque. 

Peripheral venous samples for biomarker testing were collected at the time of the CT 

scan.  Samples were collected into ethylenediaminetetraacetic acid (EDTA) coated tubes and 

non-coated tubes, and immediately centrifuged.  The aliquoted plasma and serum were stored 

in microcentrifuge tubes at -80ºC until assayed.  Specimens were tested on the first freeze thaw 

cycle.  All analyses were performed in an independent laboratory (Biomarker Laboratory at the 

Department of Cardiology, University of Ulm, Germany) in a blinded fashion, irrespective of 

the clinical and CT findings. Concentration of hs-CRP was measured nephelometrically on a 

BN II analyzer (Dade-Behring, Marburg, Germany). Enzyme-linked immunosorbent assays 

(ELISA) from R&D Systems (Wiesbaden, Germany) were used to measure TNF-α, PAI-1, 

MCP-1, and adiponectin. The intra-assay coefficient of variation (CV) and inter-run CV were 

≤10% for all markers.  

 

Statistical analysis  

 Continuous variables are reported as mean ± standard deviation (SD) or median and 

interquartile range (IQR), as appropriate. Discrete variables are given in frequency and 

percentiles. To compare the differences in characteristics between patients with and without 

CAD, we used t-test or Wilcoxon rank sum test for continuous variables and Chi-square test or 

Fisher’s exact test for categorical variables as appropriate.  We used Pearson’s correlation to 

compare the normally distributed fat depots with each other and to BMI.  We used the partial 

Spearman's correlation to assess the strength of association between non-normally distributed 

biomarker levels and fat compartments, adjusting for presence of coronary plaque. For the 

association of each of the fat depots to the presence of coronary artery plaque as well as the 

extent of plaque, we used logistic regression based on a per 10 cm3 increase. Ordinal logistic 
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regression analysis was adjusted for age, gender, diabetes, hypertension, dyslipidemia, 

smoking, BMI, aspirin use, and statin use. A two-tailed p-value of <0.05 was considered 

significant. All analyses were performed using the SAS software (Version 9.2, SAS Institute 

Inc, Cary, North Carolina).  
 

4.3.2 Heritability of epicardial adipose tissue quantity  

 

Study population 

This study was a prospective, single-center, classical twin study involving MZ and DZ 

same-gender twin subjects of self-reported Caucasian ethnicity.294 The total study population 

consisted of 202 adult twin subjects (101 twin pairs) who were recruited from the Hungarian 

Twin Registry, of whom 122 were MZ and 80 were same-gender DZ twin subjects. All subjects 

provided written informed consent. The study was approved by the National Scientific and 

Ethics Committee (institutional review board number: ETT TUKEB 58401/2012/EKU 

[828/PI/12], Amendment-1: 12292/2013/EKU [165/2013] and was carried out according to the 

principles stated in the Declaration of Helsinki.  

In the current study we included 180 twin subjects (90 twin pairs; 63.3% female; 57 MZ 

and 33 DZ same-gender twin pairs); we excluded 11 twin pairs from the original cohort. Twin 

pairs were excluded when either of them had inadequate image quality or insufficient 

anatomical CT coverage of any of the investigated fat compartments.  

 

Computed tomography scanning protocol and image analysis 

Every subject underwent a non-contrast enhanced CT scan of the heart using a 256-slice 

CT scanner. Furthermore, a single 5 mm thick slice of the abdomen was acquired at the level 

of the L3/L4 vertebrae for assessing abdominal SAT and VAT. Further details of the study 

protocol were reported previously. Importantly, the native CT of the heart and abdomen resulted 

in a small (0.70 ± 0.16 mSv) radiation dose. 

Semi-automated volumetric EAT quantification was performed on a dedicated 

workstation (CT-viewer, Intellispace Portal Client, Philips Healthcare, Best, The Netherlands). 

The pericardial layer was manually traced in every slice of the cardiac CT dataset between the 

level of the right pulmonary artery and the diaphragm. Adipose tissue attenuation was defined 

between -195 and -45 Hounsfield Units (HU). EAT quantity was assessed with the volumetric 

reconstruction of any fat tissue between the myocardial surface and the visceral layer of the 
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pericardium. Abdominal fat compartments were identified and their areas were quantified on 

the abdominal cross sectional images using a semi-automated software (FAT assessment, 

Extended Brilliance Workspace, Philips, Best, The Netherlands). The measurements of 

different fat compartments are illustrated by figures 21 and 22. 

Basic anthropometric parameters (weight, height, waist circumference) of every subject 

were recorded. Brachial blood pressure was measured prior to the CT exam. Questionnaires 

regarding past medical history and current lifestyle, smoking and dietary habits were recorded 

for every participant. Fasting peripheral blood draw was performed before the CT examination. 

Laboratory parameters were investigated by using standard methods in certified laboratory. 

 

 

Statistical analysis 

Continuous variables are expressed as mean±standard deviation (SD), whereas 

categorical variables are expressed as numbers and percentages. MZ and DZ twins were 

compared using Student's t-tests and Chi-square tests. Correlations were calculated using 

Pearson correlation coefficients. Intra-reader and inter-reader reproducibility of CT based fat 

measurements was assessed by two of my PhD students based on 10 randomly selected MZ 

twin pairs and 10 randomly selected DZ twin pairs images using the intra-class correlation 

coefficient. Coefficient values are interpreted as: 1.00-0.81: excellent; 0.80-0.61: good; 0.60-

0.41: moderate; 0.40-0.21: fair; 0.20-0.00: poor. Descriptive statistics, correlations and 

Figure 21 | Measurement of epicardial adipose tissue quantity. (a) Axial CT image of the heart, the pericardial 
layer is outlined with blue, the epicardial fat is marked with orange colour. (b) Volume rendered reconstruction of 
the epicardial fat volume. 
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reproducibility measurements were calculated using IBM SPSS Statistics version 23 (IBM, 

Armonk, NY, USA).  

Heritability was assessed in two steps; first, co-twin correlations between the siblings 

were analysed in MZ and DZ pairs separately. Next, genetic structural equation models were 

used to model the magnitude of genetic and environmental factors influencing the different fat 

compartments. All phenotypes are caused by genetic and environmental factors. MZ twins 

share nearly 100% of their genome, while DZ twins only share half. Genetic similarity is caused 

by additive genetic components (A). While MZ twins share almost 100% of A, DZ twins only 

share 50% of A. Environmental components are grouped as common factors (C), which equally 

effect the siblings, and unique factors (E), which cause differences within families. In our study, 

both MZ and DZ twins shared 100% of their C factors and none of their E factors. Covariance 

between the siblings can be decomposed into A, C and E latent variables using genetic structural 

equation models. The likelihood ratio test was used to assess the fit of sub-models compared to 

the full model. If the fit did not decrease significantly by removing one of the parameters, then 

the more parsimonious sub-model was selected. Furthermore, multivariate genetic models can 

Figure 22 | Abdominal subcutaneous and visceral adipose tissue compartments in monozygotic twin pairs. (a and 
b) Axial images of the abdomen at the level of the L3/L4 vertebrae. Subcutaneous fat (orange colour) is 
predominant in this monozygotic twin pair. (c and d) Axial images of the abdomen at the level of the L3/L4 
vertebrae. Visceral fat (blue colour) is more prominent in this monozygotic twin pair. 
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be used to further decompose the results of the heritability estimates into common and unique 

genetic and environmental factors. Common genetic factors refer to genes that are driving the 

heritability of all three fat components simultaneously (Ac), while common (Cc) and unique 

(Ec) environmental factors refer to circumstantial factors that affect the heritability of all three 

phenotypes. The remaining variance then can be attributed to genetic (As), common (Cs) and 

unique (Es) environmental factors specific of a given phenotype, which are independent of the 

other phenotypes. Therefore, the heritability of the fat compartments was decomposed to 

common (Ac, Cc, Ec) and specific (As, Cs, Es) genetic and environmental factors. Independent 

and common pathway models were used to find the most parsimonious model best describing 

our data. All calculations were adjusted for age and sex. Log likelihood-based 95% confidence 

intervals (CI) were calculated for all estimated parameters. All calculations were performed 

using R version 3.2.5. Twin modelling was performed using OpenMx version 2.5.2. A p value 

lower than 0.05 was considered significant.  
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4.4 Structured clinical reporting and data collection  
 

In the fourth part of my thesis, I have described the work that we have performed in 

order to improve and standardize medical image interpretation. The smart data collection 

platforms were developed at the Heart and Vascular Center of the Semmelweis University.   

 

4.4.1 Performance of automated structured reporting  

 

Study design and study population  

In this single center study we prospectively enrolled 500 patients who underwent 

coronary CTAs due to stable chest pain between August and December 2016.150 We included 

all patients who were older than 18 years. No further inclusion or exclusion criteria were applied 

to avoid selection bias. Five readers interpreted the coronary CTA images (100/reader) using a 

structured reporting platform that automatically calculates CAD-RADS based on reader-input. 

The readers were blinded to the automatically calculated CAD-RADS values. The study was 

approved by the institutional review board and informed consent was obtained. 
 

Image acquisition and analysis  

We performed ECG-gated CTA of the coronaries according to the guidelines of the 

SCCT.251 All patients were scanned with a 256-slice CT scanner. We administered oral beta-

blocker (metoprolol) if heart rate exceeded 65 beats per minute one hour before the coronary 

CTA examination. All patients received 0.8 mg of sublingual nitroglycerin shortly prior to the 

contrast enhanced scan. Intravenous beta-blocker (metoprolol) was administered immediately 

before the scan if the patient’s heart rate was above 60 bpm and systolic blood pressure was 

higher than 100 mmHg to improve image quality. All coronary CTA images were acquired 

using prospective ECG triggering, 270 msec rotation time, 128×0.625 mm collimation, tube 

voltage of 100-120 kVp based on patient’s anthropometrics. Images were acquired and 

reconstructed at diastole (75-81% of the R-R interval) or at systole (37-43% of the R-R interval) 

if heart rate was still above 70 bpm despite premedication. Axial images were reconstructed 

with 0.4 mm slice thickness using iterative reconstruction (iDose4 and IMR, Philips Healthcare, 

Cleveland, OH, USA). Dose length product (DLP) was registered and converted to an estimated 

effective radiation dose in millisieverts by multiplying by the k factor of 0.014.295 All readers 

assessed the location, type and severity of coronary lesions according to SCCT guidelines using 
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the 18-segment coronary tree model and also evaluated high-risk plaque features.72 All reports 

were generated by a structured reporting platform,  which uses single and multiple-choice 

questions and numeric fields for data input (Figure 23).  

All readers recorded the CAD-RADS stenosis categories (0: 0%, 1: 1-24%, 2: 25-49%, 

3: 50-69%, 4A 70-99%, 4B: Left main >50% or 3-vessel disease, 5: 100%) and modifiers (N: 

Non-diagnostic, S: Presence of stent, V: Vulnerable or high-risk plaque features, G: Presence 

of bypass grafts) according to the CAD-RADS consensus document.296 Coronary segments 

with a diameter of >1.5 mm were analyzed. The reporting platform automatically determined 

the CAD-RADS score based on the data provided by the readers, which remained hidden to the 

readers. Readers were able to fill in any score as a free text on the reporting platform. 

Mismatches between the automated and manually derived scores were re-evaluated by two 

experienced readers and the correct score was derived by consensus between them. These 

readers did not take part in the coronary CTA interpretation. We assessed total agreement (both 

for stenosis categories and modifiers) and also the agreement for every component of the 

scoring system between the automated and manual classification. Change in management was 

defined as discrepancy in stenosis categories apart from 0 vs 1 and 1 vs 2 or discrepancy in 

modifiers among all misclassified cases. 

 

Factors increasing CAD-RADS misclassification rate 

We hypothesized that CAD-RADS training, time of the day, clinical load and level of 

expertise could influence reader’s performance when assessing CAD-RADS scores. At the 

beginning of the study we gave detailed instructions to all readers to ensure proper use of CAD-

Figure 23 | Representative image of the applied structured reporting platform in clinical routine. The figure 
demonstrates how plaques were evaluated by the readers including plaque features and stenosis severity using 
single and multiple choice questions for all coronary segments. The platform includes all components of CAD-
RADS assessment. Based on these conditional inputs the CAD-RADS score was automatically calculated (e.g. 
3/V) that remain hidden to the readers. We compared the results of the automated score with the manual CAD-
RADS classification. 
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RADS and distributed the consensus document for reviewing. Readers were allowed and also 

encouraged to read the score system regularly or at any time during the study. Additionally, 

after the first 50 cases each reader received an individual training, which included a short review 

of CAD-RADS and case evaluations focusing on correcting common mistakes. We also 

assessed the association of clinical load (defined as ≥5 reports/day) and time of the day (in 6 

hours intervals) with reader’s performance. We differentiated two groups of readers based on 

clinical experience (2 readers with 2 years vs 3 readers with 7 years’ experience in reading 

coronary CTAs). 
 

Statistical analysis  

Continuous variables are presented as mean and standard deviation, whereas categorical 

parameters are presented as frequency with percentages. We compared reader’s and the 

structured reporting platform’s performance using the McNemar’s test for modifiers and the 

Wilcoxon-rank sum test for stenosis categories. We assessed the effects of clinical load, clinical 

experience, individual training and diurnal rhythm on agreement by using Fisher exact test for 

modifiers and Mann-Whitney for stenosis categories. To create a continuous scale for data 

analysis of stenosis, we separated 4A and 4B into different severity categories. A p value <0.05 

was considered statistically significant. All calculations were performed using SPSS software 

(SPSS version 22; IBM Corp., Armonk, New York). 

 . 
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5 Results 
 

5.1 Novel findings regarding CT image quality and image acquisition safety   
 

5.1.1 The efficacy of ultra-short acting  b-blocker in heart rate control 

 

In this study we have stopped the patient enrolment early as the interim analysis 

indicated that IV esmolol is clearly noninferior to IV metoprolol, and in fact, esmolol showed 

superiority characteristics compared to IV metoprolol in reducing HR during coronary CTA.245 

Between April 2013 and September 2013, in total, 650 consecutive patients referred to coronary 

CTA were screened, and of these, 574 patients were eligible to participate in the study. In 162 

patients no IV drug was administered because the HR before scan was 65 beats/min. In total, 

412 patients (with HR >65 beats/min before 

the scan) were enrolled and randomized into 

either esmolol or metoprolol group; 204 

received IV esmolol and 208 patients 

received IV metoprolol. There was no 

difference between the two groups regarding 

the clinical characteristics (Table 8). In the 

esmolol group, 53 of 204 patients (26.0%) 

received 1 bolus (100 mg), 73 of 204 

(35.8%) received 2 boluses (300 mg), and 78 

of 204 (38.2%) received 3 boluses (500 mg) 

of esmolol. In the metoprolol group, IV 

metoprolol was administered in a similar 

fashion as in the esmolol group but in 5-mg 

increments. Eighty-three of 208 patients 

(39.9%) received 1 bolus (5 mg), 45 of 208 

patients (21.6%) 2 boluses (10 mg), 53 of 

AMI, acute myocardial infarction; BMI, body mass index; CABG, 
coronary artery bypass graft; PAD, peripheral arterial disease; PCI, 
percutaneous coronary intervention. 
Statistics: robust, independent t test and chi-square test. 

Table 8 Demographic characteristics of study groups. 
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208 (25.5%) 3 boluses (15 mg), and 27 

of 208 (13.0%) 4 boluses (20 mg) of 

metoprolol. Oral metoprolol 

administration was similar in the esmolol 

and metoprolol groups (51.2±33.1 vs 

52.4±33.6; p=0.71). On average, 

325.6±158.4 mg IV esmolol and 

10.7±6.3 mg IV metoprolol were 

administered. The mean HRs of the 

esmolol and metoprolol groups were 

similar at the time of arrival (T1: 78±13 

vs 77±12 beats/min; p=0.65) and 

immediately before the coronary CTA examination (T2: 68±7 vs 69±7 beats/min; p=0.60). 

However, HR during the scan was significantly lower among the patients who received IV 

esmolol vs patients who received IV metoprolol (TS: 58±6 vs 61±7 beats/min; p<0.0001). On 

the other hand, HRs immediately after the coronary CTA and 0 minutes after the coronary CTA 

were higher in the esmolol group than in the metoprolol group (T3: 68±7 vs 66±7 beats/ min; 

p<0.01; and T4: 65±8 vs 63±8 

beats/min; p<0.0001, respectively; 

Table 9; Figure 24). Systolic and 

diastolic BPs showed no difference 

between the 2 groups measured at 

any time point (Table 10). HR of 

65 beats/min was reached in 182 of 

204 (89%) of patients in the 

esmolol group vs in 162 of 208 

(78%) of patients in the metoprolol 

group (p<0.05), whereas HR 60 

beats/min was reached in 147 of 

204 (72%) of the patients who 

received esmolol vs in 117 of 208 

Figure 24 | The figure represents the mean heart rates and their 
standard deviations in the esmolol and metoprolol groups at 
different time points. The red triangles represent the mean heart rates 
in the esmolol group, whereas the black squares indicate the mean 
heart rates in the metoprolol group. T1, time of arrival; T2, time 
point before the coronary CT angiography (CTA) scan; TS, coronary 
CTA scan; T3, time point immediately after the coronary CTA; T4, 
30 minutes after the coronary CTA. *p<0.01; ***p<0.0001. 

 

Table 9 Heart rate 

Heart rate measured (in beats/min) at T1 (arrival), T2 (before 
scan), TS (during scan), T3 (after scan), and T4 (emission). 
Statistics: robust, independent t test. 
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(56%) of patients who received 

metoprolol (p<0.001; Figure 25). None of 

the patients developed bradycardia 

(defined as HR <50 beats/min) after b-

blocker administration (minimum HR in 

group esmolol was 53 beats/min; 

minimum HR in group metoprolol was 

52 beats/min). However, hypotension 

(defined as systolic BP <100 mm Hg) 

was observed in 19 patients (9.3%) in the 

esmolol group and in 8 patients (3.8%) in 

the metoprolol group right after the scan 

(T3; p<0.05). Importantly, only 5 patients 

(2.5%) had a systolic BP<100 mmHg 30 

minutes after the scan (T4) in the esmolol group, whereas the number of patients with 

hypotension remained 8 (3.8%) in the metoprolol group (p=0.418). None of the patients 

required hospitalization or 

medical intervention due to 

hypotension and the systolic BP 

normalized after a short 

(maximum 2 hours) observation 

in every case. Of note, the 

absolute time spent in the CT unit 

(T3-T2) did not differ be- tween 

the esmolol and metoprolol group 

(21.1±7.5 vs 21.8±7.9 minutes; 

p=0.428). 

 

 

 

 

 

 

 

Figure 25 | The bar charts illustrate the proportion of 
patients that reached a heart rate £60 beats/min (left side) 
and the proportion of patients that reached a heart rate £65 
beats/min in the esmolol and metoprolol groups. 

Blood pressure (in mm Hg) measured at T1 (arrival), T2 (before scan), 
T3 (after scan), and T4 (emission). 
Statistics: robust, independent t test. 

Table 10 Blood pressure 
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5.1.2 The effect of the novel four-phasic contrast material injection protocol  

 

In total, 2,445 consecutive patients with suspected coronary artery disease were enrolled 

between 2014 January and 2015 August.249 The mean age was 60.6 ± 12.1 years and there were 

less female patients than males (females 43.6%). The clinical characteristics of included 

patients are summarized in Table 11. Out of the 2,445 patients, 1,229 (50.3%) received a three- 

phasic and 1,216 (49.7%) a four-

phasic CM injection-protocol 

(Table 12). The overall number 

of CM extravasation was 23 out 

of 2,445 patients (0.9%). The CM 

extravasation rate in the three-

phasic group was 1.4% 

(17/1,229), whereas in the four-

phasic group the extravasation 

rate was 0.5% (6/1,216), p=0.034 

(Figure 26). The four-phasic CM 

injection-protocol resulted in 

65% reduction in extravasation 

rate as compared to the three-

phasic CM injection-protocol in coronary CTA (odds ratio (OR): 0.354; CI: 0.139–0.900; 

p=0.029). The majority of the patients received an 18 G cannula for CM injection (97.2% of all 

patients). The use of a 20 G cannula did not 

differ between the two groups (three-phasic 

protocol group 34 (3.1%), four-phasic 

protocol group 38 (3.1%), respectively, 

p=0.63). 

Besides the CM injection-protocol 

none of the clinical and vein quality 

characteristics of patients who had 

extravasation versus patients with no 

extravasation showed any differences 

(Table 12). In the four-phasic group a CM 

Table 11 Clinical characteristics of the patients 

AMI acute myocardial infarction, BMI body mass index, PAD peripheral 
artery disease, TIA transient ischaemic attack, DLP dose-length product 

Figure 26 | The contrast media extravasation rate in the 
three-phasic group was 1.4% (17/1,229), whereas in the 
four-phasic contrast media injection- protocol group the 
extravasation rate was 0.5% (6/1,216), p = 0.034 
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injection rate of 5.5 ml/s was administered in 88.4% (1,075/1,216) of the patients, which was 

lower than the three-phasic protocol group (91.2%, 1,121/1,229), p=0.02. Even though we 

found a significant difference between the two groups, this did not influence extravasation rates, 

since there was no difference in injection rates among patients with extravasation (5.5 ml/s flow 

rate: 95.7% (22/23)) versus patients who had no extravasation (5.5 ml/s flow rate: 89.8% 

(2,174/2,422)), p=0.72.  

We assessed the effect of the three- and four-phasic CM injection protocols in subgroups 

considered prone to developing extravasation. Among females, less extravasation events 

occurred in the four-phasic group compared to the three- phasic group (5.6% (3/533) vs. 23.2% 

(12/517), respectively p=0.02). Similarly, we could detect significantly less extravasation when 

Table 12 Comparison of the extravasation rate, and clinical, vein quality and image acquisition 
characteristics between the three-phasic contrast media (CM) injection and four- phasic CM injection-
protocol groups 

AMI acute myocardial infarction, BMI body mass index, PAD peripheral artery disease, TIA transient ischaemic 
attack, DLP dose-length product 
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the four-phasic protocol was administered to patients older than 60 years compared to the three-

phasic group (4.0% (3/732) vs. 19.4% (14/720), respectively p=0.007). Furthermore, we did 

not experience any extravasation in patients who received a 20 G cannula.  

  

5.1.3 The impact of iterative reconstruction on calcified plaque burden  

 

The image quality analysis included 468 triplets of coronary artery segments 

reconstructed with IMR, HIR and FBP.150 We identified 41 isolated calcified or partially 

calcified plaques; 25 plaques were located in the LAD, 10 plaques in the RCA, 5 in the LCX 

and 1 in the left main coronary artery. 

Image quality was diagnostic (rated as 1-3) in 453 segments (96.8%) with IMR, 437 

(93.4%) with HIR and 407 (87.0%) with FBP (p<0.01). Overall subjective image quality 

significantly improved with the application of HIR as compared to FBP, and further improved 

with IMR (p<0.01 all) (Figure 27A). IMR yielded lower image noise by qualitative assessment 

as compared to HIR and FBP (p<0.01 all). The majority of the coronary segments were rated 

as having no image noise (395/468, 84.4%), or average image noise (73/468, 15.6%) in the 

datasets reconstructed with IMR technique (Figure 27B). The inter-reader reliability between 

the two readers was good for overall image quality (k:0.71), and image noise (k:0.73). 

Figure 27 Visual assessment of image quality. Panel A: Overall image quality; Panel B: Image noise. 

 

dc_1530_18

Powered by TCPDF (www.tcpdf.org)



 84 

Median CT number in the aorta did not differ between the three reconstructions (492.3 

[442.7–556.8] for FBP, 492.8 [443.0–556.8] for HIR and 491.3 [442.7–555.0] for IMR, 

p=1.00). However, higher luminal CT numbers (p < 0.01 all) were revealed in every assessed 

proximal and distal coronary artery segments with the use of IMR as  

 

compared to the other two reconstructions (Table 13). No difference was observed between 

HIR and FBP for the respective coronary segment in HU values. Median attenuation values 

were similar or lower in the distal coronary segments using FBP and HIR reconstruction, as 

compared to the proximal coronary parts of the same vessel (LAD: p=0.71 and p=0.69; CX: 

p<0.01 both, RCA: p=0.66 and p=0.69, respectively).  

Interestingly, IMR showed preserved or increased luminal contrast in the distal coronary 

segments as compared to the respective proximal coronary regions (LAD: p<0.01; CX: p=0.18; 

RCA: p=0.03) (Figure 28). The CT attenuation values for main coronary arteries are 

summarized in Table 13. Image noise (SD) in the aorta was significantly different for FBP, HIR 

and IMR (42.6 [33.2-48.3], 29.4 [23.0-33.1] and 12.4 [11.0-13.8], respectively, p < 0.01 all). 

Noise reduction achieved by HIR and IMR was 31.5% and 66.9% as compared to FBP, 

respectively. HIR improved CNR in all assessed coronary segments, as compared to FBP, 

which was further improved with IMR (p<0.01, both). Inter-observer agreement between 

quantitative parameters (median attenuation, CNR) was excellent with FBP, HIR and IMR 

reconstructions (correlation concordance coefficient: 0.97, 0.98 and 0.98, respectively). 

Table 13 Comparison of CT attenuation and CNR values between the proximal and distal coronary 
segments. 

Data are presented as medians and interquartile ranges. CT attenuation is presented in Hounsfield units (HU). 
Difference between proximal and distal coronary segments was assessed using Wilcoxon signed ranks tests. Utilization of 
IMR significantly improved CNR values in the distal segments of main coronary arteries. 
CNR: contrast-to-noise ratio; FBP: filtered back projection reconstruction; HIR: hybrid iterative reconstruction; IMR: iterative 
model reconstruction; LAD: left anterior descending coronary artery; CX: circumflex coronary artery; RCA: right coronary 
artery. 
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The measured lesion length 

was 24.8 [16.0-28.8] mm, without 

any significant differences among 

the three reconstructions. Overall 

plaque volume was lower with 

HIR as compared to FBP (p=0.02), 

and further reduced by IMR 

(p<0.01 all). Calcified plaque 

volume was highest with FBP and 

lowest with IMR (FBP vs. HIR 

p=0.006; HIR vs. IMR p=0.017; and FBP vs. IMR p<0.001). High attenuation non-calcified 

plaque volumes with an attenuation ranging 90-129 HU yielded similar values with FBP and 

HIR (p=0.81), however it was lower with IMR (HIR vs. IMR p=0.002 and FBP vs. IMR p < 

0.001). No difference was found between FBP, HIR and IMR in intermediate and low 

attenuation non-calcified plaque components (p=0.22 and 0.67, respectively). Lumen volumes 

did not differ between different reconstructions (p=0.23). Overall plaque burden was lowest 

with IMR and highest with FBP (0.38 for IMR [0.32-0.44], 0.42 for HIR [0.37-0.47] and 0.44 

for FBP [0.38-0.50], p<0.05 all). Volumes of various plaque components are summarized in 

Table 14. As we used a fully automated method for plaque quantification, inter-observer 

variability was not tested further. 
 

5.1.4  The image quality of coronary CT angiography in heart transplanted patients 

 

In total, 50 HTX patients were included in our study.255 Every HTX patient had a 

matched non-HTX pair, therefore in total 100 subjects were evaluated. In the HTX group [11 

Figure 28 | Representative case demonstrating improved distal 
coronary visualization using novel IMR algorithm as compared to FBP 
and HIR 

Table 14 Plaque volume analysis with fixed threshold settings. 

Data are presented as medians with interquartile ranges. Plaque volume values are presented in mm3. Significant difference for all 
comparison combinations between the three reconstructions was assessed. Pairwise comparisons are represented between the three 
reconstructions as follows: α: p<0.05 FBP vs. IMR; β: p<0.05 HIR vs. IMR; γ: p<0.05 FBP vs. HIR. 
 FBP: filtered back projection reconstruction; HIR: hybrid iterative reconstruction; IMR: iterative model reconstruction; HU: 
Hounsfield unit 
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female (22%), 4.3 years post-transplantation] the median age was 57.9 years [IQR: 46.7-59.9], 

the median HR was 74 bpm [IQR: 67.8-79.3]. We found no significant difference between the 

HTX and non-HTX groups regarding anthropometric data and scan characteristics (Table 15). 

 

 

 

 

 

 

 

 

  

 

 

 

The effective radiation dose was relatively low in both groups (HTX vs. non-HTX groups, 3.7 

mSv vs. 4.3 mSv, p=0.24, respectively,). 

In total, 1270 coronary segments were evaluated, 662 segments in the HTX group and 

608 segments in the non-HTX group. The distribution of motion scores between the two groups 

is shown in Figure 29. We found a significant difference in the number of segments with 

excellent image quality between the 2 groups. In the HTX group more segments had excellent 

image quality than in the non-HTX group (442 (67%) vs. 271 (45%), p<0.001, respectively). 

Furthermore, in the HTX group the number of non-diagnostic segments were approximately 

one-third of that of the non-HTX group (38 (5.8%) vs. 104 (17.1%), p<0.001, respectively).  

We a found a significant difference 

between the 2 groups regarding the Segment 

Likert Score, the Segment Motion Score and 

the Segment Non-diagnostic Score indices. 

The Segment Likert Score index of the HTX 

group was approximately half of the Segment 

Likert Score index of the non-HTX group (0.4 

[IQR: 0.1-0.9] vs. 0.9 [IQR: 0.3-1.6], p=0.003, 

respectively). Similarly, a nearly twofold 

Table 15 Clinical characteristics of study subjects 

Note - Except where noted otherwise, data are median (interquartile range).  

Figure 29 | Proportions of coronary segments with 
nondiagnostic, moderate, good, and excellent image 
quality in heart transplantation (HTX) recipients and 
control subjects. 
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difference was found between the HTX and non-HTX groups regarding Segment Motion Score 

index (0.3 [IQR: 0.1-0.5] vs. 0.6 [IQR: 0.2-0.9], p=0.001, respectively). The Segment Non-

diagnostic Score index was lower in the HTX group as compared to the non-HTX group (0.0 

[IQR: 0.0-0.1] vs. 0.1 [IQR: 0.0-0.3], p=0.004 respectively).  

The image quality was better in HTX patients vs. non-HTX patients in the subgroup 

with systolic triggering. This was reflected by the difference in the Segment Likert Score 

indices, which was significantly lower in the HTX group as compared to the non-HTX group 

(0.5 [IQR: 0.4-0.7] vs. 0.8 [IQR: 0.8-0.9], p<0.001, respectively). Furthermore, among scans 

with systolic triggering we found significantly less motion artifacts and more diagnostic 

segments in the HTX group; their Segment Motion Score index was almost half of the non-

HTX group (0.8 [IQR 0.5-1.1] vs. 1.5 [IQR 1.3-2.1], p<0.001), while their Segment Non-

diagnostic Score index was almost quarter of the other group (0.07 [IQR 0.0-0.1] vs. 0.3 [IQR 

0.1-0.5], p= 0.001; respectively). 

Among diastolic images, significantly better image quality was observed in the HTX 

scans compared to the non-HTX scans (Figure 30); Segment Likert Score index was 

significantly lower in the HTX group as compared to the non-HTX group (0.1 [IQR: 0.0-0.3] 

vs. 0.4 [IQR: 0.1-0.6], p=0.03; respectively). However, among scans with diastolic triggering 

the degree of motion and the number of non-diagnostic segments did not differ significantly 

Figure 30 | Coronary CT angiograms of heart transplant recipient and age- and sex-matched control subject. 
A, 48-year-old male heart transplant recipient with heart rate of 75 beats/min. No motion artifact is visible in right 
coronary artery (RCA; arrow) on curved multiplanar reconstruction. Ao = aorta. 
B, 48-year-old man with heart rate of 75 beats/min who did not receive heart transplant. Motion artifact (arrow) 
is visible in proximal segment of RCA on curved multiplanar reconstruction. LV = left ventricle. 
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between the HTX vs. non-HTX patients; Segment Motion Score and Segment Non-diagnostic 

Score indices were 0.1 [IQR 0.0-0.4] vs. 0.5 [IQR 0.1-1.1], p=0.05 and 0.0 [IQR 0.0-0.1] vs. 

0.0 [IQR 0.0-0.1], p= 0.20, respectively. The median HR of HTX vs. non-HTX patients with 

systolic triggering was 78 vs. 80 bpm, p=0.86, respectively; and in HTX vs. non-HTX patients 

with diastolic triggering was 69 vs. 70 bpm, p=0.96, respectively.  

Intra-reader and inter-reader agreements of image quality scores were good (κ=0.72; 

κ=0.62, respectively). Dichotomization of image quality scores to excellent / non-excellent 

image quality scores resulted in excellent intra-reader (κ=0.83) and good inter-reader 

reproducibility (κ=0.69). Dichotomization to diagnostic/non-diagnostic image quality scores 

also showed excellent intra-reader (κ=0.82) and good inter-reader reproducibility (κ = 0.73). 
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5.2 The main findings of studies on atherosclerotic plaque assessment 

 

5.2.1 The napkin-ring sign 

 

We have identified a novel CT signature of high-risk coronary atherosclerotic plaques 

with histopathological correlation. We have named this plaque feature as the ‘napkin-ring 

sign’.259 Our report suggests that the napkin-ring sign (NRS), which can be considered a CT 

signature of high-risk coronary atherosclerotic plaque, may be caused by the difference in 

attenuation between a lipid-rich necrotic core (corresponding to the central low attenuation area 

in CT) and fibrous plaque tissue (corresponding to the rim of high CT attenuation). In this ex 

vivo study, we can exclude the possibility of the high-attenuation representing contrast media 

uptake, as the CT attenuation values were similar in the non-contrast and contrast-enhanced CT 

datasets. Interestingly, the average CT attenuation of napkin-ring plaques (50 to 60 HU) was 

higher than the previously suggested cut-off value (<30 HU) for high-risk lesions (Figures 31-

33). 

 

 
 

 

 
 

Figure 31 | The cross-sectional CT images show a coronary plaque with napkin-ring-like attenuation pattern and 
spotty calcification. The circumferential outer rim (red dashed line) of the noncalcified plaque has a higher CT 
attenuation in both the non-contrast (A) and contrast-enhanced (B) images (44.0 ± 8.8 HU, range 23.0 to 61.0 HU 
vs. 48.6 ± 5.8 HU, range 34.0 to 60.5 HU; respectively) as compared to the attenuation within the central part of 
the plaque (27.9 ± 4.2 HU, range 20.7 to 36.4 HU and 31.0 ± 6.6 HU, range 19.0 to 44.0 HU on non-contrast and 
contrast-enhanced images; respectively). The average noncalcified plaque attenuation on nonenhanced CT was 42.2 
± 9.9 HU versus 43.7 ± 10.0 HU on the contrast-enhanced image. The corresponding histological section (panel C) 
revealed a late fibroatheroma. The lesion is characterized by a necrotic core (star), which is consistent with the low 
attenuation core of the plaque and a significant amount of fibrous plaque tissue, which is consistent with the high 
attenuation rim on the CT images (red dashed line). The arrowheads indicate the vasa vasorum. HU: Hounsfield 
units; L: lumen  
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Figure 32 | The CT images show a larger noncalcified coronary plaque with more pronounced napkin-ring–like 
attenuation pattern as compared to figure 31. The circumferential outer rim (red dashed line) of the plaque has a 
higher CT attenuation in both the noncontrast (A) and contrast-enhanced (B) images (57.2 ± 8.8 HU, range 40.0 
to 81.0 HU vs. 57.9 ± 8.7 HU, range 35.0 to 76.0 HU; respectively) as compared to the attenuation within the 
central part of the plaque (21.8 ± 4.3 HU, range 13.5 to 31.6 HU and 26.0 ± 2.0 HU, range 22.0 to 31.0 HU on 
noncontrast and contrast-enhanced images; respectively). The average plaque attenuation on nonenhanced CT 
was 48.1 ± 14.2 HU versus 52.2 ± 14.0 HU on the contrast-enhanced CT. The corresponding histopathological 
section (C) demonstrates a late fibroatheroma. Again, the plaque contains a necrotic core (stars), which correlates 
to the low attenuation plaque core on the CT images. Notably, the necrotic core is larger than in the plaque shown 
in figure 31, which is in line with the CT morphology. Similar to Figure 31, the outer portion of the plaque (red 
dashed line) contains a significant amount of fibrous plaque tissue correlating to the high attenuation CT rim. 
Moreover, the histopathological analysis revealed significant vasa vasorum (C; arrowheads) accompanied by 
macrophage infiltration in the basal plaque area. HU: Hounsfield units; L: lumen  
 

Figure 33 | The CT images show a coronary atherosclerotic plaque cross section with napkin-ring–like 
attenuation pattern and spotty calcification. The circumferential outer rim (red dashed line) of the plaque has a 
higher CT attenuation in both the noncontrast (A) and contrast-enhanced (B) images (61.8 ± 9.3 HU, range 42.4 
to 74.9 HU vs. 67.3 ± 11.6 HU, range 43.4 to 87.0 HU; respectively) as compared to the attenuation within the 
central part of the plaque (43.4 ± 7.5 HU, range 35.2 to 62.9 HU and 43.2 ± 14.0 HU, range 21.2 to 72.5 HU, on 
noncontrast and contrast-enhanced images; respectively). The average noncalcified plaque attenuation on 
nonenhanced CT was 52.8 ± 10.9 HU versus 58.5 ± 17.1 HU attenuation on the contrast-enhanced image. 
Histopathology revealed a thin cap fibroatheroma (C and D). Again, the necrotic core (stars) correlates with the 
low attenuation plaque core on the CT images. The outer rim attenuation (red dashed line) on the noncontrast 
and contrast enhanced CT images correspond to the fibrous plaque tissue. HU: Hounsfield units; L: lumen.  
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5.2.2 Attenuation pattern-based plaque classification 
 

As the follow up our first report, we have performed a larger ex vivo study. Overall, 611 

histological sections from 21 coronary arteries of 7 donor hearts were investigated.297 The 

average studied vessel length was 67 mm (range 25 to 110 mm). Of the 611 sections, 71 (11.6%) 

were identified as AIT, 222 (36.3%) as PIT, 179 (29.3%) as Fib, 59 (9.7%) as EFA, 60 (9.8%) 

as LFA, and 20 (3.3%) contained TCFA. The proportion of early lesions (AIT, PIT, Fib) versus 

advanced lesions (EFA, LFA, TCFA) was 77.3% (n=472) versus 22.7% (n=132). All matched 

coronary CTA cross sections (n=611) were eligible for comparison with histology. 

Among the 611 co-registered CT cross sections, no plaque was detected in 134 (21.9%), 

NCP in 254 (41.6%), MP in 191 (31.3%), and CP in 32 (5.2%) cross sections. Among the 445 

cross sections containing NCP or MP, a homogenous pattern of plaque attenuation was found 

in 207 (46.5%) cross sections (130 for NCP and 77 for MP; 62.8% vs. 37.2%, respectively) and 

a heterogeneous pattern was found in 238 (53.5%) cross sections (124 for NCP and 114 for 

MP; 52.1% vs. 47.9%, respectively) (table 16, figure 34). Thus, homogenous plaques were less 

frequently found among MP than among NCP (p=0.03). 
 

 

Heterogeneous plaques were further classified as non-NRS or NRS plaques (Table 16, figure 

34). Among the 238 cross sections with a heterogeneous pattern, non-NRS lesions were 

identified in 200 (84.0%) cross sections (105 with NCP and 95 with MP; 52.5% vs. 47.5%, 

respectively) and NRS was identified in 38 (16.0%) cross sections (19 in NCP and 19 in MP, 

50% vs. 50%, respectively). Thus, there was no significant difference regarding the distribution 

of NRS or non-NRS plaques across NCP and MP plaques (p=0.86), suggesting that the presence 

of NRS was independent of the conventional categories of NCP or MP.  

In the subgroup of 100 cross sections, the interobserver agreement between the two CT 

Table 16 Comparison of PAP categories to the conventional CT plaque classification scheme 

Values are n (%) or n. 
CT: computed tomography; NRS: napkin-ring sign; PAP: plaque attenuation pattern. 
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readers to classify coronary CTA cross sections 

as no plaque, NCP, MP, or CP was excellent 

(Cohen kappa=0.83; 95% CI: 0.73 to 0.94) with 

the majority of the disagreements occurring 

between a normal vessel wall and the presence 

of NCP. The interobserver agreement between 

the two CT readers to classify plaques as no 

plaque, homogenous plaque, non-NRS 

heterogeneous plaque or NRS plaque) was good 

(Cohen kappa=0.61; 95% CI: 0.56 to 0.67) with 

the majority of disagreements occurring 

between a normal vessel wall and the presence 

of a heterogeneous or homogenous NCP. In 

contrast, the interobserver variability to detect 

NRS was excellent (Cohen kappa=0.86; 95% 

CI: 0.76 to 0.96). 

Overall, 99.3% (n=133) of CT cross 

sections without plaque were early lesions 

according to histology. There was no 

association between the conventional 

classification of NCP and MP and early and advanced atherosclerotic lesions as classified by 

histology (advanced lesions; NCP: 50.8% [n=68] vs. MP: 49.2% [n=66]; p=0.06) (Table 17). 

In contrast, differences in the distribution of early and advanced atherosclerotic lesions were 

found when the plaques were classified as heterogeneous and homogenous according to 

coronary CTA. Overall, 69.4% (93 of 134) of advanced lesions were classified as 

heterogeneous plaque on coronary CTA and only 30.6% (41 of 134) as homogenous plaque 

(p<0.0001) (Table 17). Among the 38 heterogeneous plaques classified as NRS, the majority 

(86.8% [33 of 38]) were classified as advanced atherosclerotic lesions by histopathology 

(p<0.0001) (Figure 35). In general, these associations were similar for the subgroup of 20 

Figure 34 | Among the 611 coregistered CT cross 
sections, no plaque was detected in 134, noncalcified 
plaque (NCP) or mixed plaque (MP) in 445, and 
calcified (Ca) plaque in 32 cross sections. Among the 
cross sections containing NCP or MP, a homogenous 
plaque pattern was found in 207 cross sections and a 
heterogeneous pattern was found in 238 cross 
sections. Among the 238 cross sections with a 
heterogeneous pattern, napkin-ring sign (NRS) 
lesions were identified in 38 cross sections and non-
NRS lesions in 200 cross sections. PAP: plaque 
attenuation pattern. 
 

dc_1530_18

Powered by TCPDF (www.tcpdf.org)



 93 

plaques (3.3%) characterized as TCFA in histopathology. There were no TCFA present in 

normal coronary CTA cross sections, and there was no difference between the distribution of 

TCFA in plaques classified as NCP or MP (p=0.63). In contrast, the frequency of TCFA 

differed across plaques characterized as heterogeneous or homogenous by coronary CTA with 

the majority (83.3%) of TCFA being classified as heterogeneous plaques (p=0.01). Among the 

15 TCFA lesions described as heterogeneous in coronary CTA, 5 (33.3%) demonstrated NRS 

(p=0.07). 

Table 17 Comparison of conventional plaque classification and intra plaque attenuation pattern-based 
classification schemes with histology. 

Values are n (%). 
NRS: napkin-ring sign; PAP: plaque attenuation pattern. 

Figure 35 | Percentage of early and advanced atherosclerotic lesions among the conventional and plaque 
attenuation-based CT plaque Types. The blue bars represent early atherosclerotic lesions, whereas the 
red bars represent advanced atherosclerotic lesions. The percentage of advanced atherosclerotic lesions 
among different CT plaque types: noncalcified plaques: 26.4% (67 of 254); mixed/partially calcified 
plaques: 35.1% (67 of 191); homogenous plaques: 19.8% (41 of 207); non-NRS plaques: 30.0% (60 of 
200); NRS plaques: 86.8% (33 of 38). NRS: napkin-ring sign  
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Table 18 presents the diagnostic accuracy measures of conventional and pattern-based 

coronary CTA plaque categories to identify advanced atherosclerotic lesions. The 

heterogeneous plaque category, showed a good sensitivity, specificity, and negative predictive 

value to identify advanced lesions (68.9%, 67.3%, and 87.7%, respectively). The NRS category 

showed the highest specificity value among all coronary CTA plaque categories for the 

presence of advanced lesions and TFCA in histopathology (98.9%, 95% CI: 97.6% to 100%, 

and 94.1%, 95% CI: 90.8% to 97.4%, respectively) (Table 18). 

Diagnostic accuracy was on average 61% for the conventional plaque categories (56.0% 

for NCP and 66.8% MP), and it ranged from 55% to 82% for the pattern-based analysis (55.1% 

Table 18 Diagnostic accuracy of different qualitative plaque categories for coronary CTA to identify 
advanced lesions as classified by histology with 95% CI 

Confidence intervals are provided for a crude binomial analysis and adjusted for the within-lesion correlation. 
CTA: computed tomography angiography; CI: confidence interval; DiseaseNeg: disease negative; DiseasePos: disease positive; 
NPV: negative predictive value; PPV: positive predictive value; TestPos: test positive cross section; TestNeg: test negative cross 
section; TrueNeg: true negative cross sections; TruePos: true positive cross sections; NRS: napkin-ring sign; PAP: plaque 
attenuation pattern. 
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for homogenous, 67.7% for 

heterogeneous, and 81.5% for NRS 

plaques). Comparing the diagnostic 

performance of the 2 different 

schemes, the plaque classification 

scheme based on attenuation 

pattern had a significantly better 

discriminative power than did the 

conventional scheme to identify 

both advanced lesions as well 

TCFA as defined by histopathology 

(AUC: 0.761 vs. 0.678, p=0.001, 

and 0.769 vs. 0.648, p=0.02, 

respectively) (Figure 36). In 

addition, we have performed a per 

plaque analysis. We have identified 

95 individual plaques based on histological criteria. Out of this highly diseased sample, 50 

plaques were classified as advanced lesions as they contained at least 1 cross section with EFA, 

LFA, or TCFA; 45 plaques were classified as early lesion because they contained only AIT, 

PIT, or Fib. Blinded to the histology results, CT readers identified NRS in 38 of 611 cross 

sections, 18 of 95 individual plaques, and 6 of 7 donor hearts. Notably, all of the individual 

plaques containing NRS were advanced lesions according to the histology. A per-plaque 

analysis led to specificity of 100% (95% CI: 92.0% to 100%) and a sensitivity of 36.0% (95% 

CI: 22.9% to 50.8%) for NRS to identify advanced lesion. 

 

5.2.3 Systemic comparison of CT, IVUS and OCT to identify high-risk plaques 

 

Overall, 379 histologic slices from nine coronary arteries of three donor hearts were 

available for analysis.298 Among the six histologic plaque types, pathologic intimal thickening 

(PIT) and fibrous plaques were most frequently detected (163 [43.0%] of 379 and 94 [24.8%] 

of 379, respectively), followed by late fibroatheroma (LFA) (38 [10%] of 379), early 

fibroatheroma (EFA) (37 [9.8%] of 379), adaptive intimal thickening (AIT) (30 [7.9%] of 379), 

and thin-cap fibroatheroma (TCFA) (17 [4.5%] of 379). The proportion of cross-sections that 

Figure 36 | The area under the receiver-operating characteristic 
curve was 0.678 for conventional plaque classification scheme 
(blue line) and 0.761 for plaque attenuation pattern (PAP) scheme 
(red line). The PAP scheme had a higher diagnostic performance 
than the conventional plaque scheme does, p=0.001.  

dc_1530_18

Powered by TCPDF (www.tcpdf.org)



 96 

showed early (AIT, PIT, fibrous plaque) versus advanced (EFA, LFA, TCFA) lesions was 

similar among the donor hearts (81%-71% vs. 19%-29%, respectively; p=0.45). All matched 

coronary CT angiography cross sections (n=379) were eligible for comparison with histologic 

findings; after 22.7% of IVUS and 24.8% of OFDI cross sections were excluded because of 

large vessel diameter, 293 IVUS and 285 OFDI cross sections remained available for analysis. 

Additionally, we identified 57 distinct coronary lesions with a median of six cross sections 

(interquartile range, 4-8). Of these lesions, 29 were advanced and six contained TCFA. 

Of the 379 coronary CT angiography cross sections, 91 (24.0%) were classified as 

showing normal findings, 157 (41.4%) as showing noncalcified plaque, 123 (32.5%) as 

showing mixed plaque, and only eight (2.1%) as showing calcified plaque (Table 19). Only 

1.1% of normal coronary CT angiography cross sections contained an advanced lesion at 

Table 19 Plaque composition as assessed by coronary computed tomographic angiography (CCTA), intravascular 
ultrasound (IVUS), and optical frequency domain imaging (OFDI) within atherosclerotic plaque categories as defined 
by histopathology. 

Note: AIT, adaptive intimal thickening; PIT, pathological intimal thickening; Fib, fibrous plaques; EFA, early fibroatheroma; 
LFA, late fibroatheroma; TCFA, thin-cap fibroatheroma; n, number of cross-sections. 
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histopathologic examination (negative predictive value: 98.9%; 95% CI: 94.1%, 99.9%). Most 

of the 91 normal cross sections at coronary CT angiography were fibrous plaques (48.4%), 

followed by AIT (28.6%) and PIT (22.0%) (Table 19). Accordingly, the normal coronary CTA 

cross sections were strongly associated with early plaque (OR=0.01, p=0.0006 [Table 20, 

Figure 37 A]). Most importantly, normal cross sections at coronary CT angiography excluded 

the presence of TCFA. 

Of the 157 non-calcified cross sections at coronary CTA, 115 (73%) were classified as 

showing early atherosclerotic plaque at histologic examination, but that association was not 

significant (p=0.18). Notably, the coronary CTA category of non-calcified plaques contained 

nine TCFAs (5.7%). The presence of mixed plaque at coronary CTA (Figure 37 B) was 

associated with a significant increase in the odds of it being an advanced plaque (OR=4.71, 

p=0.0002). No association was observed between calcified plaques as defined at coronary CT 

angiography (n=8) and early (n=4) versus advanced (n=4) plaques at histologic examination 

Table 20 Association of coronary computed tomographic angiography (CCTA), intravascular ultrasound (IVUS), 
and optical frequency domain imaging (OFDI) characteristics for early versus advanced plaque as defined by 
histopathology 

Data represent absolute numbers. An OR >1.0 indicated an increased probability for being an advance lesion, whereas an OR 
<1.0 indicated an increased probability for being an early lesion. Having several cross sections within one lesion, we derived OR 
and P values for clustered effect on a per-lesion basis. Owing to multiple testing, significance levels were adjusted by using 
Bonferroni correction. For modalities with four categories (CT, OFDI), P <0.0125 and for modalities with five categories (IVUS), 
P <0.01 was considered to indicate a significant difference. NA = not applicable.  
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(Table 20; Figure 37 C). Of the 293 IVUS images, six (2.0%) were classified as normal, seven 

(2.4%) as showing fibrous plaque, 119 (40.6%) as showing fibrofatty plaque, 82 (28.0%) as 

showing fatty plaque, and 79 (27.0%) as showing calcified plaque (Table 20). None of the 

normal IVUS cross sections was classified as showing an advanced plaque. The majority of 

fibro-fatty and fatty cross sections showed PIT or fibrous plaques, according to results of 

histologic examination (79.8% and 74.4%, respectively; Table 19, Figure 37 A). However, no 

significant association was found between fibro-fatty or fatty plaques and advanced plaque at 

histologic examination (Table 20). Cross sections categorized as calcified corresponded to 

advanced plaque at histologic examination in 36.7% (29/79) of cases. Thus, the presence of 

calcification at IVUS was associated in crude analysis with a significant increase in the odds of 

a plaque being advanced (OR=2.60, p=0.002), but this was attenuated marginally after 

Figure 37 | A, Fibrous atherosclerotic plaque. The invasive modalities (OFDI and intravascular US) correctly 
depicted the fibrous plaque, whereas the coronary CT angiography cross section depicts normal vessel wall. 
Arrows = eccentric intimal hyperplasia. B, LFA. Microcalcification (white arrows), a thick fibrous cap (black 
arrows), and necrotic core (*) are present. The corresponding cross section at OFDI was described as showing 
lipid-rich plaque with fibrous cap (arrows) and necrotic core (*). Intravascular US shows a fibro-fatty lesion 
with attenuated areas (*) corresponding to lipid-rich/necrotic areas. Coronary CT angiography depicts a mixed 
plaque with spotty calcification (arrows). C, TCFA. The necrotic core (*) is covered by a thin fibrotic cap; 
arrows = sheet calcification. The corre- sponding cross section with OFDI reveals the TCFA, with lipid pool 
and large calcification. Intravascular US and coronary CT angiography show calcified plaques. C = catheter, 
L = lumen, SB = side branch.  
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accounting for clustered data structure (Table 20; Figure 37 C). 

Of the 285 OFDI cross sections, zero (0%) were classified as normal, 157 (55.1%) as 

showing fibrous plaque, 58 (20.4%) as showing fibrocalcific plaque, and 70 (24.6%) as showing 

lipid-rich plaque (Table 19). Cross sections defined as showing fibrous plaque at OFDI 

corresponded to early plaque at histologic examination in 95.5% (150 of 157) of cases (Table 

20; Figure 37 A) and were associated with small odds of representing advanced plaque 

(OR=0.04, p<0.0001; Table 20). The majority of fibrocalcific plaques as defined at OFDI were 

PIT or fibrous plaques at histologic examination (52 [89.7%] of 58); however, no association 

was detected between fibrocalcific plaque and histologic plaque stage (p=0.78; Table 20). 

Notably, none of the fibrous, and fibrocalcific cross sections as defined at OFDI contained 

TCFA (Table 19). In contrast, lipid-rich plaque was found in 79.7% (51 of 64) of cross sections 

categorized as showing advanced plaque, corresponding to a high and significant odds ratio for 

the presence of advanced plaque at histologic examination (OR=57.15, P<0.0001; Table 20). 

On a cross-section level, OFDI had a significantly better ability (both, p<0.0001) to differentiate 

early from advanced lesions as compared with IVUS and coronary CT angiography (areas under 

the curve: 0.858 [95% CI: 0.802, 0.913], 0.631 [95% CI: 0.554, 0.709], and 0.679 [95% CI: 

0.618, 0.740], respectively; based on comparing 2 log likelihoods between nested models. 

In a sub-analysis accounting for clustering effects, lipid-rich plaque as determined at 

OFDI yielded a sensitivity of 100% (95% CI: 75%, 100%) and a specificity of 81% (95% CI: 

76%, 85%) for the detection of TCFA. In contrast, TCFA composition was heterogeneous and 

non-discriminatory at IVUS (predominantly fibrofatty, 63%) and coronary CTA (noncalcified 

plaque, 35%; mixed, 53%; calcified, 12%). In the assessment of individual lesions, OFDI had 

the best ability to discriminate between early and advanced lesions. The mean percentage of 

cross sections containing “lipid-rich plaque” was significantly higher in advanced compared 

with early lesions (43% vs 5%, p=0.04). At coronary CTA, the mean percentage of cross 

sections containing ”mixed plaque” was significantly higher in advanced compared with early 

lesions (46% vs 17%, p<0.01). Of note, 42% of early but only 6% of advanced lesions showed 

no plaque and thus were not detected at coronary CTA (p<0.05). In contrast, no significant 

difference was detected between the IVUS findings of early and advanced lesions.  

The interobserver variability between the two coronary CTA readers for the four 

categories was excellent (Cohen k=0.87), with the majority of the disagreements occurring 

between classification as noncalcified plaque or normal vessel wall. The overall agreement 

between the two IVUS readers for the five plaque categories was good (Cohen k=0.66), but 
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grading of fibro-fatty versus fatty plaque and fibro-fatty versus fibrous plaque was inconsistent. 

The interobserver variability between the two OFDI readers for the four plaque categories was 

excellent (Cohen k=0.85), with disagreement occurring mainly between fibrous and 

fibrocalcific plaque.  

 

5.2.4 Quantity of plaques by coronary CTA versus invasive coronarography 

 

Coronary CTA detected coronary artery plaque in 49% (487/1000) of the segments, 

whereas ICA showed coronary plaques in 24% (235/1000) of all segments (p<0.001, Figure 

38).60 Of the 235 positive segments with ICA, corresponding segments on CTA was also 

positive in 94%. CTA detected atherosclerotic plaque in 35% (266/765) of coronary segments 

where ICA was negative. 36% 

(95/266) of these plaques were 

non-calcified, 38% (102/266) were 

mixed and 26% (69/266) were 

calcified plaques on CTA. When 

considering the severity of 

coronary stenosis only seen by 

CTA, 79% of plaques caused 

minimal or mild luminal stenosis 

(211/266). Conversely, ICA 

detected plaque only in 3% 

(14/513) of segments where CTA was negative. Detailed distribution and quantification of 

coronary plaques only seen by CTA are shown in Table 21. Regarding segment scores, CTA 

showed more than two times as many segments with plaque compared to ICA, and also the 

overall degree of stenosis caused by the plaques was almost twice. Summary of segment score 

analysis is shown in Table 22. Analysis of diagnostic accuracy revealed high sensitivity with 

moderate specificity (96% CI: 87-100%; 53 % CI: 28-77%, respectively) with high positive 

and negative predictive value (87%, CI: 75-94%; 82 %, CI: 48-100%, respectively). Intra-

reader agreement of segment-based stenosis categories was excellent for CTA (κ = 0.83) and 

Figure 38 | Distribution of stenosis severity of involved segments on 
CTA and ICA. Coronary CTA showed 487 plaques, whereas ICA 
showed 235 coronary plaques in all segments (p<0.001). 
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good for ICA (κ = 0.62). Dichotomization of stenosis categories to obstructive (≥50% stenosis) 

and non-obstructive (<50% stenosis) had an excellent reproducibility for both modalities (CTA: 

κ = 0.96, ICA: κ = 0.90). Regarding segment scores, intra-reader reproducibility was excellent 

for both CTA and ICA (CTA: ICCSIS: = 0.97, ICCSISi: = 0.96, ICCSSS: = 0.99, ICCSSSi: = 0.99; 

vs. ICA: ICCSIS: = 0.96, ICCSISi: = 0.96, ICCSSS: = 0.92, ICCSSSi: = 0.93). Segment-based 

stenosis categories showed good inter-reader reproducibility for CTA, while ICA showed only 

moderate results (κ = 0.68; κ = 0.57, respectively). Reproducibility of dichotomized stenosis 

categories was good for both modalities (CTA: κ = 0.73, ICA: κ = 0.70). For the segment 

involvement and stenosis scores the ICC values were excellent for both CTA and ICA (CTA: 

ICCSIS: = 0.90, ICCSISi: = 0.91, ICCSSS: = 0.95, ICCSSSi: = 0.95 vs. ICA: ICCSIS: = 0.88, ICCSISi: 

= 0.88, ICCSSS: = 0.91, ICCSSSi: = 0.92). 

Out of 71 patients, based on CTA 

results 72% (51/71) was classified as 

extensive obstructive, 3% (2/71) as 

extensive non-obstructive, 13% (9/71) as 

non-extensive obstructive and 13% (9/71) 

as non-extensive non-obstructive. Using 

ICA based measurements, 27% (19/71) of 

the patients was extensive obstructive, 1% 

(1/71) was extensive non-obstructive, 

49% (35/71) was non-extensive 

obstructive and 23% (16/71) was non-

extensive non-obstructive. Overall 52% 

(37/71) of the patients moved to a higher 

Table 21 Number and localization of plaques seen only by coronary CTA and not detected by invasive coronary 
angiography 

Data represent absolute numbers. An OR >1.0 indicated an increased probability for being an advance lesion, whereas an OR Overall 
coronary CTA showed 487 plaques, of which 266 (54.6%) plaques were not reported on ICA. CTA: CT-angiography, D: diagonal; IM: 
intermediate marginal, LM: left main, LAD: left anterior descending, LCx: left circumflex, RCA: right coronary artery, PDA: posterior 
descending artery, PLB: posterolateral branch. 

Table 22 Segment involvement score and index, segment 
stenosis score and index values using coronary computed 
tomography angiography and invasive coronary angiography 

Coronary CTA showed significantly higher segment scores compared to ICA. 
CTA: CT-angiography, ICA: invasive coronary angiography, SIS: Segment 
Involvement Score, SISi: Segment Involvement Score index, SSS: Segment 
Stenosis score, SSSi: Segment Stenosis Score index. 
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risk category, while 1% (1/71) moved to a lower category using CTA based measurements as 

compared to ICA based measurements. Graphical representation of the risk groups and exact 

number of patients moving from one group to another can be found in Figure 39. 
 

5.2.5 Coronary CTA radiomics to identify plaques with napkin-ring sign 

 

There was no significant difference between the NRS and non-NRS groups regarding 

patient characteristics and scan parameters (Table 23). Furthermore, we did not observe any 

significant difference in qualitative plaque characteristics and image quality parameters (Table 

24) implying successful matching of the two groups. Median number of voxels contributing to 

the NRS coronary plaques (1928 [IQR: 1413; 2560]) did not show statistical difference as 

compared to the number of voxels in the non-NRS group (1286 [IQR: 1001; 1768]), p=0.0041.  

Figure 39 | Risk classification of patients based on coronary CTA and ICA. Overall, 52% of patients moved to a 
higher risk category. The number of patients switching to higher risk groups are represented by arrows. Only 1% 
of patients moved to a lower risk category using CTA-based measurements as compared to ICA-based 
measurements (not shown). 
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Among conventional quantitative imaging parameters, there was no significant difference 

between NRS and non-NRS plaques (Table 24). Furthermore, none of the conventional 

parameters had an AUC value above 0.8 (Table 25). Overall, 4440 radiomic parameters were 

calculated for each atherosclerotic lesion. Out of all calculated radiomic parameters, 20.6% 

Table 23 Patient characteristics and scan parameters 

Data is presented as median with interquartile ranges or frequency and percentage as appropriate. 
BMI: body mass index; CTA: Coronary CT angiography; DLP: dose length product; NRS: Napkin ring sign 

Figure 40 | The Manhattan plot shows all 4440 calculated p values comparing napkin-ring sign (NRS) vs. non-NRS 
plaques and their distribution among the different classes of radiomic parameters. Radiomic features are lined up 
on the x axis, while the -log2(p) values are plotted on the y axis. The red horizontal line indicates the Bonferroni 
corrected p value of 0.0012. Radiomic parameters above the red line were considered statistically significant. 
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(916/4440) showed a significant difference between plaques with or without NRS (all 

p<0.0012). Of the 44 calculated first-order statistics 25.0% (11/44) was significant. Out of the 

3585 calculated gray level co-occurrence matrix (GLCM) statistics 20.7% (742/3585) showed 

a significant difference between the two groups. Among the 55 gray level run length matrix 

(GLRLM) parameters 54.5% (30/55) were significant, while 17.6% (133/756) of the calculated 

756 geometry based parameters had a p<0.0012. A Manhattan plot of the p values of the 

calculated radiomic parameters is shown in Figure 40. Among all 4440 radiomic parameters 

9.9% (440/4440) had an AUC value greater than 0.80. Out of the 44 calculated first-order 

Table 24 Plaque and image quality characteristics 

Data is presented as median with interquartile ranges or frequency and percentage as appropriate. NRS: Napkin ring sign. 
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statistics 18.2% (8/44) had an AUC value larger than 0.80. Of the 3585 calculated GLCM 

parameters 9.7% (348/3585) of the AUC values was above 0.80. Among the 55 GLRLM 

parameters 54.5% (30/55) had an AUC value above 0.80, while out of the calculated 756 

geometry-based parameters 7.1% (54/756) had an AUC value above 0.80. Of all radiomic 

parameters short run low gray level emphasis, long run low gray level emphasis, surface ratio 

of component 2 to total surface, long run emphasis and surface ratio of component 7 to total 

surface had the five highest AUC values (0.918; 0.894; 0.890; 0.888 and 0.888, respectively). 

Detailed diagnostic accuracy statistics of conventional quantitative features and of the five best 

Figure 41 | Heatmap of the covariance matrix of all 4440 radiomic features. Each parameter was compared to 
all other parameters using linear regression analysis. Features were clustered based on R2 values of the 
corresponding regression models and plotted along both axes. R2 values below 0.5 are black, while greater 
values are shown in red with increasing intensity. The 1-R2 values was used as a distance measure between 
parameters and used for hierarchical clustering. The resulting clustering dendrogram can be seen on the right of 
the image. Cluster analysis indicated that the optimal number of clusters is 44 based on our radiomics dataset. 
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radiomic features for each group are shown in Table 25. Results of the linear regression analysis 

conducted between all pairs of the calculated 4440 radiomic metrics are summarized using a 

heatmap (Figure 41). Hierarchical clustering showed several different clusters where 

Table 25 Diagnostic performance of conventional quantitative parameters and novel radiomic 
parameters to identify plaques with the napkin-ring sign. 

Component numbers of the geometric-based parameters refer to the specific attenuation bins created by discretizing the attenuation values to a 
given number of bins. 
AUC: area under the curve; CI: confidence interval; GLCM: gray level co-occurrence matrix; GLRLM: gray level run length matrix; NPV: 
negative predictive value; PPV: positive predictive value 
*: based on discretizing to 4 equally probable bins; †: based on discretizing to 16 equally probable bins; ‡: based on discretizing to 32 equally 
probable bins; §: based on discretizing to 2 equally probable bins; ||: based on discretizing to 8 equally probable bins 
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parameters are highly correlated with each other (represented by the red areas in Figure 41), 

but only have minimal relationship with other radiomic features (represented by the black areas 

in Figure 41). Cluster analysis revealed that the optimal number of clusters among radiomic 

features in our dataset is 44. 

Five-fold cross-validation 

using 10,000 repeats was 

used to simulate the 

discriminatory power of the 

three best radiomic and 

conventional parameter. 

Average ROC curves of the 

cross-validated results are 

shown in figure 42. 

Radiomic parameters had 

higher AUC values (as 

compared to conventional 

quantitative features and 

identified lesions showing 

the NRS significantly better 

as compared to conventional 

metrics. Detailed results are 

shown in table 26.  

Figure 42 | Stratified 5-fold cross-validated receiver-operating 
characteristic (ROC) curves of the best radiomic and conventional 
quantitative parameters. Radiomic parameters (blue) have higher 
discriminatory power to identify plaques with napkin-ring sign compared 
with conventional quantitative metrics (green). Detailed performance 
measures can be found in Table 27. 

Table 26 Area under the curve values of stratified five-fold cross-validated receiver operating characteristic curves 
of the best radiomic and conventional quantitative parameters to identify plaques with the napkin-ring sign. 

AUC values of averaged ROC curves shown in Figure 42 are presented with the corresponding proportion of additional cases classified 
correctly by the given parameter compared with the reference lesion volume. P values indicate the statistical significance of the increased 
diagnostic accuracy compared with lesion volume. AUC indicates area under the curve; and ROC, receiver-operating characteristic.  
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5.2.6 Diagnostic performance of on-site FFR-CT 
 

Overall, we enrolled 44 patients with 60 lesions.285 The mean Agatston-score of the 

patients was: 268 [IQR: 92-834]. There were no left main or ostial stenoses, 68 % of lesions 

were present in the LAD, 17% in the LCX and 15% RCA. In 5 patients (11%) the vessel 

demonstrated tandem lesions. The mean EDS was 43.6±16.9%. The average time taken to 

generate the automatic lumen segmentation of the entire tree was 20 seconds. The lumen 

segmentation and manual adjustment was performed in 9 minutes, (range: 3-25 min).  

Following the review and corrections to the lumen segmentation, the FFR-CT 

simulation was performed in 5 seconds. The mean on-site FFR-CT value was 0.77±0.15. Bland-

Altman plot (Figure 43) revealed that FFR-CT underestimates invasive FFR values by 0.07 

(p<0.001). Regression of the differences on the average of the 2 methods revealed, that the bias 

is proportional to the FFR values. Lower FFR values have higher bias, while higher values have 

lower bias (Standardized β = -0.48; p< 0.001). The ratio of true positive FFR-CT was 32% 

(19/60 lesions), true negative 47% (28/60 lesions), false positive 18% (11/60 lesions) and false 

negative 3% (2/60 lesions) (Figure 44). The FFR-CT and EDS values of the true positive 

patients were 60.7±0.14 and 47.3±14.8%, true negatives 88.4±0.05 and 32.9±12.6%, false 

positives 70.5±0.1 and 36.6±13,4% and false negatives 84.0±0.05 and 39.5±14.8%, 

respectively. FFR-CT with a threshold 

of ≤0.80 showed a high AUC value 

(0.89 [CI: 0.79-0.96]) with sensitivity 

of 91%, specificity 72%, positive 

predictive value 63%, negative 

predictive value 93% and an accuracy 

of 78%, while EDS with a ≥50% cut-off 

showed a moderate AUC value (0.74 

[CI: 0.58-0.87]) with a sensitivity of 

52%, specificity 87%, positive 

predictive value 69% and negative 

predictive value of 77%. On-site FFR-

CT demonstrated significantly better 

Figure 43 | We compared invasive FFR values with CT-FFR 
values using a Bland-Altman plot. A bias of 0.07 (p <0.001) 
was found between CT-FFR and invasive FFR values. 95% 
LOA = 95% limits of agreement; CT- FFR = computed 
tomography-derived fractional flow reserve; FFR = fractional 
flow reserve.  
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diagnostic performance as 

compared to EDS based assessment 

(AUC: 0.89 vs. 0.74 respectively; 

p<0.001). Importantly, the 

performance of the algorithm was 

not significantly affected by high 

calcium scores (defined as 

Agatston score ≥400). For patients 

with a calcium score <400 (n=27 

lesions) we obtained a sensitivity of 

75%, specificity 84%, positive 

predictive value 68%, negative 

predictive value 90%, accuracy 

81% and an AUC of 0.90, while for 

patients with calcium score ≥400 

(n=28 lesions) the sensitivity was 100%, specificity 69%, positive predictive value 71%, 

negative predictive value 100%, accuracy 83% and the AUC value was 0.88 (p = 0.87). 

Figure 44 | Scatter plot analysis of invasive FFR and FFR-CT 
values. We demonstrated a significant correlation between FFR-CT 
and invasive FFR values (r = 0.73). Overall, 32% (19 of 60) of the 
lesions were true positive, 47% (28 of 60) true negative, 18% (11 
of 60) false positive, and 3% (2 of 60) false negative. FFR-CT = 
computed tomography-derived fractional flow reserve; FFR = 
fractional flow reserve.  

Figure 45 | ROC curve of reader 1 and reader 2. We detected no significant difference between primary 
and secondary readers’ segmentation-based di- agnostic performance values, AUC 0.89 versus 0.88, 
respectively, p = 0.60. AUC = area under curve; ROC = receiver operating characteristic. 
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Intra-reader reliability revealed excellent reproducibility for FFR-CT values 

(ICC=0.95). There was no significant difference between the AUC values calculated based on 

the primary reader’s first and second segmentations (AUC: 0.89 vs. 0.88, respectively; p=0.54). 

Inter-reader analysis revealed excellent reproducibility for FFR-CT values (ICC=0.90). We 

found no significant difference between the diagnostic performance values when calculated 

based on the primary readers’ segmentations compared to the secondary readers’ segmentations 

(AUC: 0.89 vs. 0.88, respectively; p=0.74) (Figure 45).  
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5.3 Findings regarding epicardial adipose tissue compartment  
 

5.3.1 Intrathoracic fat, biomarkers and coronary Plaques 

 

The demographic characteristics of the 342 patients are described in Table 27. Patients 

with coronary plaque were predominately male and had an increased rate of cardiovascular risk 

factors such as hypertension, dyslipidemia, and smoking compared to those without CAD, all 

Table 27 Patient characteristics of the overall cohort and of subjects with versus without CAD 

CAD denotes coronary artery disease; SD, standard deviation; BMI, body mass index; FH, family history; IQR, interquartile range; CRP, 
C-reactive protein; TNFa, tumor necrosis factor alpha; PAI-1, plasminogen activator inhibitor-1; MCP-1, monocyte chemoattractant 
protein-1. *Epicardial fat compartment excluded pericoronary fat. Extracardiac fat compartment is defined as the thoracic fat volume 
without epicardial or periaortic fat.  
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p values p≤0.01.289 There was 

no significant difference in 

race, BMI, prevalence of 

diabetes, or family history of 

premature CAD between 

patients with and without 

CAD. Table 28 demonstrates 

that all four fat depots were highly correlated with each other and showed a modest positive 

correlation with BMI.  The largest adipose tissue depot, extracardiac fat (volume 99.9±63.2 

cm3), was most strongly correlated with BMI, (r=0.45, p<0.001). The pericoronary fat depot 

(volume 29.9±17.1 cm3) was least correlated to BMI (r=0.21, p<0.001). Despite no difference 

in BMI (p=0.18), patients with coronary plaque had higher volumes of all fat depots as 

compared to patients without plaque (all p<0.01). We used logistic regression to determine the 

Table 28 Correlation among fat measures and body mass index (BMI) 

All p<0.0001. 

Figure 46 | The relationship of thoracic adipose tissue volumes (per 10 cm3 increase) to (A) the presence of 
coronary atherosclerotic plaque and (B) the extent of atherosclerotic plaque by number of coronary segments B. 
Adjusted for age, gender, diabetes, hypertension, dyslipidemia, smoking, BMI, aspirin use, and statin use. 
*Epicardial fat compartment excluded pericoronary fat. Extracardiac fat compartment is defined as the thoracic fat 
volume without epicardial or periaortic fat. CI, confidence interval.  

 

Table 29 Relationship of pericoronary fat volume to presence of any plaque on a per patient basis per 10 cm3 
increase in fat volume  

OR, odds ratio; CI, confidence interval. 
aAdjusted for age, gender, diabetes, hypertension, dyslipidemia, smoking, BMI, aspirin use, statin use.  
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association between fat depots and the presence of plaque on a per patient basis. All four fat 

depots were associated with the presence of any coronary artery plaque in unadjusted analysis, 

all p<0.001 (Table 29). In adjusted analyses only pericoronary fat were found to be 

independently associated to the presence of coronary artery plaque (p=0.006), while epicardial, 

periaortic and extracardiac fat depots were not (all p≥0.08), Figure 46A. We examined the 

association between the four fat depots to the extent of plaque and found that pericoronary fat 

remained associated in adjusted analysis in patients with at least one segment of plaque as 

compared to those without plaque, irrespective of amount of plaque burden (Figure 46B and 

Table 30). In addition, periaortic fat showed an association with CAD that affects more than 3 

segments of the coronaries (p=0.03).  We also examined the correlation between the various fat 

depots and markers of inflammation independent of CAD. Table 31 demonstrates that the 

circulating hsCRP and PAI-1 levels showed a modest positive correlation with all fat depots 

(all p≤0.003). Whereas, TNFα level showed a modest positive correlation only with the 

perivascular fat depots, such as the pericoronary and periaortic fat compartments (p<0.0001 

and p=0.02, respectively). MCP-1 correlated with the fat compartments closest to the heart, 

pericoronary and epicardial fat 

compartments (p<0.0001 and p=0.006, 

respectively). On the other hand, 

adiponectin was not associated with the 

pericoronary fat depot. However, it 

showed a modest negative correlation with 

epicardial (p=0.001), periaortic 

(p<0.0001) and extracardiac (p<0.000) fat 

compartments.  

Table 30 Relationship of adipose tissue volume (per 10 cm3 increase) to extent of plaque by number of segments  

OR, odds ratio; CI, confidence interval. 
1Adjusted for age, gender, diabetes, hypertension, dyslipidemia, smoking, BMI, aspirin use, statin use.  
 

Table 31 Partial correlation among biomarkers and various 
adiopose tissue depots with P-values adjusted for the 
presence of coronary artery plaque  
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5.3.2 Heritability of epicardial adipose tissue quantity 

 

Overall, 180 twins (57 MZ twin pairs, 33 DZ twin pairs) were included from the 

BUDAPEST-GLOBAL study.294 Our study population represents a middle-aged, slightly 

overweight Caucasian population (Table 32).  

 

Intra-reader agreement showed excellent reproducibility for all CT based fat measurements 

(ICCEAT = 0.99; ICCSAT = 0.98; ICCVAT = 0.99). We also found excellent reproducibility 

regarding inter-reader variability (ICCEAT = 0.98; ICCSAT = 0.99; ICCVAT = 0.99). Co-twin 

correlations between the siblings showed that for all three parameters, MZ twins have stronger 

correlations than DZ twins, suggesting prominent genetic effects (EAT: rMZ = 0.81, rDZ = 0.32; 

SAT: rMZ = 0.80, rDZ = 0.68; VAT: rMZ = 0.79, rDZ = 0.48). 

For all three fat compartments AE model excluding common environmental factors 

proved to be best fitting [EAT: A: 73% (95% CI = 56%-83%), E: 27% (95% CI = 16-44%); 

SAT: A: 77% (95% CI = 64%-85%), E: 23% (95% CI = 15%-35%); VAT: 56%  (95% CI = 

35%-71%), E: 44% (95% CI = 29%-65%)].  

In multi-trait model fitting analysis, overall contribution of genetic factors to EAT, SAT 

and VAT was 80%, 78% and 70%, whereas that of environmental factors  

Table 32 Demographics, clinical-laboratory data and quantity of fat compartments measured in twins 

Abbreviations: BMI, body mass index; CRP, C-reactive protein; CT, computed tomography; DZ, dizygotic; HbA1c, hemoglobinA1c; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; MZ, monozygotic. Continuous variables are presented as mean ± s.d., whereas categorical as n (%). 
P-values represent two-sided P-values for independent t-tests done between the MZ and DZ twin groups. 
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was 20%, 22% and 30%, respectively (Table 33). Results of the multi-variate analysis suggest 

that a common latent phenotype is associated with the tissue compartments investigated. Based 

on our results, 98% (95% CI = 77%-100%) of VAT heritability can be accounted by this 

common latent phenotype which also effects SAT and EAT heritability. This common latent 

phenotype accounts for 26% (95% CI = 13%-42%) of SAT and 49% (95% CI = 32%-72%) of 

EAT heritability. This common latent phenotype is 

influenced by genetics in 71% (95% CI = 54%-81%) 

and environmental effects in 29% (95% CI = 19%-

46%). Accordingly, the proportion of common and 

specific genetic and environmental factors 

contributing to the adipose tissue quantities may 

differ from each other, for example in case of EAT 

heritability is caused by 35% common genetic, 45% 

specific genetic, 14% common environmental, and 

6% specific environmental factors. The path diagram 

of the model is illustrated by Figure 47, and detailed 

contribution of common and specific genetic and 

environmental factors for all three fat compartments 

can be found in Table 33. In addition, our results 

suggest that none of the phenotypes are independent 

of the other two (Table 34), thus the heritability of 

EAT or SAT or VAT phenotype is associated with the 

remaining two phenotypes. 
 

 

Table 33 Proportion of common and specific genetic and environmental factors contributing to the phenotypic 
quantity of computed tomography-based fat measurements 

Figure 47 | Proportion of phenotypic variance 
of CT-based fat measurements. Image shows 
squared standardized path coefficients of best 
fitting model 5. The common pathway model 
calculating with only common genetic and 
environmental factors proved to be the best. 
Residual variances were decomposed to 
specific genetic and environmental factors. In 
case of VAT only specific environmental 
factors were considered. Ac, common additive 
genetic factor; As, specific additive genetic 
factor; EAT, epicardial adipose tissue; Ec, 
common environmental factor; Es, specific 
environmental factor; SAT, subcutaneous 
adipose tissue; VAT, visceral adipose tissue.  
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5.4 Results on structured clinical reporting performance  
 

5.4.1 Structured reporting  

 

In total, 500 consecutive coronary CTAs were included in the analysis (mean age 59.6 

± 12.5 years, 42.0% female gender and mean BMI 28.5 ± 5.0 kg/m2). Patient characteristics 

and imaging parameters are summarized in Table 35. We detected a total agreement between 

manual and automated CAD-RADS classification in 80.2 % of the cases. The agreement in 

Table 35 Patient characteristics 
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stenosis categories was 86.8%. In addition, we investigated the agreement in modifiers with the 

following results: 95.6% for V, 95.8% for N, 96.8% for S, and 99.4% for G. Distribution of 

modifiers was N: 15.0% vs 17.2%, S: 6.0% vs 9.2%, V: 11.8% vs 15.4%, G: 1.8% vs 2.4%, for 

manual vs automated, respectively (p<0.05 for N, S, V and p=0.25 for G).  

Readers forgot to assign S in 34.8 % of all patients who had at least one stent, N in 12.8 

% of studies with non-diagnostic coronary segments, V in 23.4% of patients with vulnerable 

plaques and G in 25.0 % among patients with bypass grafts. Importantly, 4.6% of all cases were 

falsely classified by the readers into non-existing CAD-RADS categories that included 0/N, 

1/N 2/N and the stenosis category 4 without assigning A or B (Figure 48). Details of CAD-

RADS assessment for stenosis categories and modifiers are shown in Table 36, whereas most 

common mistakes are summarized in Table 37. Stenosis of 4B (indicating the presence of left 

main stenosis greater than 50% or three-vessel obstructive CAD) was misclassified in four cases 

to 4A (0.8%). Discrepancy between the manual and automated classification could have led to 

changes in patient management recommendations in 13.2% of cases and 15.6% of cases when 

including discrepancy of the modifier V. 

Table 36 Distribution of CAD-RADS based on manual versus automated classification. 
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We detected significantly higher agreement of the modifier “V” after the individual 

training (first vs. second 50 cases, p=0.047). The agreement of other modifiers and stenosis 

categories did not show any significant improvement (p>0.05 for all). Time of the day and 

clinical load (as assessed by ≥5 reports on a given day) did not significantly influence reader’s 

performance (p>0.05 for all). Less experienced readers (1-year experience in coronary CTA) 

had a higher total agreement with the automated classification as compared to more experienced 

readers (6 years’ experience in coronary CTA) 87.0 % vs 78.0 %, respectively (p=0.011). Also, 

non-existing CAD-RADS categories were more frequent among more experienced readers as 

compared to the less experienced clinicians (6.3% vs 2.0%, respectively, p=0.02). 
  

Table 37 Top 5 errors in manual CAD-RADS classification 
(n=500) 

Figure 48 | Pitfalls in CAD-RADS classification that might lead to reporting inconsistency and altered patient 
management. On the left panel, case 1 is a representative example for plaque vulnerability assessment in CAD-
RADS. The reader misclassified this case and assigned V (Vulnerability), although high-risk plaque features 
were present in two clearly distinct plaques along the proximal and mid segment of the left anterior descending 
artery (LAD). The CAD-RADS classification requires minimum two high-risk plaque features to be present in 
a single lesion to apply modifier V. Also, reader forgot to assign A or B to describe lesion severity. Severe lesion 
in the LAD was marked as 4/V by the reader, whereas the automated tool correctly assigned a CAD-RADS score 
4A. The right panel represents another common mistake in classification (case 2). A predominantly non-calcified 
plaque leading to a mild stenosis was detected in the proximal right coronary artery (RCA), followed by a step 
artifact and severe motion artifacts on the mid-RCA. Reader assigned a non- existing category (2/N), whereas 
the automated tool correctly assigned N without stating the stenosis grade.  
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6 Discussion 
 

6.1 Cardiac CT image quality   
 

We have performed two randomized, single-center clinical trials to assess the efficacy 

of esmolol and to test the efficiency of a novel iodinated-contrast agent injection protocol. We 

have conducted two additional prospective studies to test the effect of iterative image 

reconstruction in plaque volumes and to investigate the image quality of coronary CTA in HTX 

patients.     

In our first clinical trial we compared IV esmolol versus IV metoprolol for HR control 

in patients who underwent coronary CTA because of suspected coronary artery disease. We 

showed that esmolol with a stepwise bolus administration protocol is at least as efficacious as 

the standard of care metoprolol to achieve the optimal HR (<65 beats/min) during coronary 

CTA. Furthermore, we have demonstrated that IV esmolol allows a safe HR control for 

coronary CTA examination even if it is administered in high doses with a dosage scheme 

independent of body weight. Esmolol is an ultrashort-acting intravenous β-blocker.  

The rapid onset and offset of effects of esmolol make this intravenous drug a potential 

alternative of the standard of care metoprolol in the daily routine coronary CTA service. 

Especially, coronary CTA services with no access to cardiology or intensive care background 

might benefit most of this ultrashort-acting medication. The recommended administration 

protocol of IV esmolol with infusion pump is relatively complex and precluded its widespread 

use in the diagnostic facilities. Different dosage schedules have been developed depending on 

clinical setting and diagnosis. Generally, a loading dose of <500 μg/kg/min over 1 minute is 

administered followed by a continuous infusion of 25–300 μg/kg/min.246 We showed that 

esmolol is safe and efficacious if administered in boli without the subsequent continuous 

infusion. The “bolus only” administration protocol of esmolol would make this IV β-blocker a 

real-life alternative of IV metoprolol. In this clinical trial we used a body weight-independent 

administration protocol with stepwise increments in dose in every 3 minutes. Importantly, the 

timing of the administration of the IV esmolol boli was similar to the metoprolol administration 

protocol; therefore, it did not slow down our routine clinical cardiac CT workflow. Our choice 

of 100-mg IV esmolol for the initial bolus is based on a previous observational study that 

showed that the dose of 2 mg/kg (for a 70-kg patient this equals 140-mg esmolol) is safe to 

administer before the coronary CTA examination.247 If 100-mg dose proved to be ineffective, 
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thus the patient's HR did not reach the predefined ≤65 beats/min in 3 minutes, we have increased 

the bolus to 200-mg IV esmolol. Finally, if the HR did not change after an additional 3-minute 

period (testing during a Valsalva maneuver as well), we administered the third, once again 200-

mg, bolus of IV esmolol. We have not added further boluses; thus, the maximum administered 

IV esmolol was 500 mg during an approximately 6- to 7-minutes time period. Of note, only 

about one-third of patients have received the full dose of esmolol and two-thirds of patients 

have reached the target HR with ≤300-mg esmolol dose. We have stopped the patient 

enrollment early as the interim analysis indicated that esmolol is clearly noninferior to 

metoprolol; in fact, it showed superiority characteristics as the responder proportion in the 

esmolol group was 89% vs the metoprolol group's 78%.  

Degertekin at al. demonstrated the safety and efficacy of IV esmolol in 391 patients.247 

In this prospective study, HR was reduced from 80±11 beats/min to 63±7 beats/min and HR 

<65 beats/min was achieved in 65% of the patients. Four of the 391 patients (1%) have 

experienced a final HR of <50 beats/min; however, all 4 remained asymptomatic and the 

bradycardia resolved in minutes without any intervention with atropine or temporary pacing. 

Moreover, Degertekin et al. reported a 0.5% incidence of transient hypotension (systolic BP 

<100 mm Hg).247 In our clinical trial, we have reached a higher responder proportion (89.2%) 

probably because of a more aggressive dosing scheme. Importantly, none of the 204 patients 

who received esmolol had severe bradycardia (minimum HR was 53 beats/min). On the other 

hand, transient hypotension (systolic BP <100 mm Hg) was observed in 9.3% of the patients 

immediately after the scan in the esmolol group, which was significantly higher compared to 

the metoprolol group's 3.8%. Importantly, 30 minutes after the scan this decreased to 2.5% in 

the esmolol group, whereas in the metoprolol group the percentage of patients with hypotension 

did not change (3.8%).  

None of the patients had clinically significant adverse event. Thus, the stepwise bolus 

administration of esmolol is safe and it is well tolerated among patients with normal left 

ventricular function scheduled to undergo coronary CTA examination. Furthermore, our data 

show that IV esmolol is at least as efficacious as IV metoprolol to reach optimal HR during 

coronary CTA. Many centers are reluctant to administer IV medication for HR control during 

coronary CTA owing to the fear from potential side effects. A recent study by Kassamali et al. 

reported minor complications (transient hypotension) related to IV metoprolol administration 

only in 1.47% and major complications (not resolving with observation of analgesia) in 0.44% 

of patients who underwent coronary CTA.299 These results demonstrate that IV metoprolol is a 

safe drug to use for this purpose in patients with normal left ventricular function although the 
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study was underpowered to assess for rare major complications. Esmolol is metabolized via 

rapid hydrolysis by red blood cell esterases, independent of the hepatic and renal function.300 It 

is routinely administered during perioperative intensive care and before laryngoscopy and 

tracheal intubation procedures to prevent hypertension and tachycardia.301,302 In this clinical 

trial, we have excluded patients with contraindications to β-blockers such as asthma. However, 

it has been demonstrated previously that esmolol is safe in bronchospastic diseases.303  

There are some limitations of our study we have to consider. This is a single-center 

study; therefore, the efficacy and safety of the described esmolol bolus protocol has to be 

evaluated in a multi-center randomized controlled trial. As the administration protocols and the 

injected volumes were different for the IV metoprolol and IV esmolol groups, it was not feasible 

to blind the physicians to the drug they were administering. The combined use of oral and IV 

β-blocker protocols for HR control might limit the generalizability of our results for IV-only 

protocols. Owing to the oral metoprolol pretreatment, our findings do not demonstrate that 

esmolol IV alone vs metoprolol IV is as or more effective for HR control. However, it is 

important to note that the combined use of oral and IV β-blockers is a widely used and effective 

strategy for HR lowering before coronary CTA.23,304 In this scenario, esmolol is at least as 

efficacious as IV metoprolol. The response rate to oral metoprolol was relatively low in our 

study (162 of 574 [28%]), which might have been higher with the use of a more aggressive 

administration regime (eg, 100-mg oral metoprolol if HR >65 beats/min).246 Furthermore, we 

did not test smaller doses of esmolol (eg, 50–100 mg), which might be equally efficacious. 

Moreover, it is important to note that esmolol is more expensive than IV metoprolol. However, 

the effective and short duration of HR control achievable with esmolol might result in wider 

usage of this IV β-blocker in cardiac CT labors, which would increase the percentage of patients 

scanned with optimal HR and improve the diagnostic performance of CTA. A larger multicenter 

trial is warranted to adequately explore the cost-effectiveness of esmolol use in the coronary 

CTA laboratories. 

In our next randomized clinical trial we have demonstrated that the novel four-phasic 

contrast injection protocol developed by us, resulted in a 65% reduction of the extravasation 

rate as compared to the conventionally used three-phasic CM injection-protocol in coronary 

CTA. The addition of a saline pacer bolus to the three-phasic CM injection-protocol is easy to 

implement at no additional cost. We found an overall extravasation rate of 0.9%, which is 

similar to that in the published literature (0.3–1.3%).28-32  

Interestingly, from the comprehensive review of Cohan et al. published in 1996 through 

recent publications, the same range of extravasation rate is reported, which suggests that no 
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effective strategy is available to reduce the risk of CM extravasation.29 To the best of our 

knowledge our study is the first to describe the four-phasic CM injection-protocol, in which a 

saline pacer bolus is added to the conventional three-phasic CM protocol to reduce the risk of 

extravasation. We detected a statistically significant difference between the three- and four-

phasic group regarding contrast injection rates (5.5 ml/s: 91.2% (1,121/1,229) vs. 88.4% 

(1,075/1,216), respectively, p = 0.02); however, we did not find any difference in injection flow 

rates among patients with versus without extravasation (5.5 ml/s flow rate: 95.7% (22/23) vs. 

89.8% (2,174/2,422), respectively, p = 0.72).  

In a study by Federle et al., the effect of contrast bolus flow rate was evaluated in 5,106 

patients who received CM for CTA examination, and they detected no correlation between 

extravasation and injection flow rate.30 The mean CM injection flow rate was 2.8 ml/s (range 

1-5 ml/s) and they observed an overall extravasation in 0.9% of the scans. Although the authors 

used low flow rates, they still experienced the same percentage of extravasation independent of 

the injection speed as we did in our study. This suggests that instead of the flow rate other 

characteristics, such as CM viscosity and collapsed vein wall, might play a role in extravasation. 

 We adjusted the CM injection rates according the tube voltage setting. In case of 120 

kV we used a higher injection rate (5.5 ml/s) in order to achieve higher intracoronary 

attenuation. In case of 100 kV we used lower injection rates (4.5 ml/s), due to the increased 

iodine x-ray absorption at lower tube voltages. Davenport et al. assessed whether extrinsic 

warming of low- and high-osmolality CM affects the extravasation rate.305 They could not 

detect any beneficial effect of preheating on low-osmolality CM extravasation rates (preheated: 

0.30% (32/10,831), non-heated: 0.23% (23/10,064); p = 0.64); however, pre-heating of high-

osmolality CM decreased extravasation rate as compared to non-heated (0.27% (5/1,851) vs. 

0.87% (18/2,074), respectively; p = 0.05. Similar to these findings, in a prospective study of 

4,457 patients iodine concentration and flow rate did not show any association with CM 

extravasation.31 In these studies, besides the injection flow rate, the CM injection-protocol was 

not described in detail, rendering direct comparisons with our study difficult. Other studies have 

identified several risk factors of CM extravasation that are unrelated to CM administration 

protocols and are not modifiable. These risk factors are mainly associated with the fragility of 

the patients’ vasculature, such as atherosclerosis, diabetes, chemo- or radiotherapy, and 

autoimmune diseases.29,39 Female gender and elderly age (>60 years) were predictors of CM 

extravasation in a study by Shaquan et al.37 Our results suggest that four-phasic protocol reduces 

extravasation rate independently of these risk factors.  

Contrast media extravasation may cause severe complications due to the toxic effects 
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of iodinated CM on the perivascular tissues.29,32 Furthermore, it may lead to repeated CTA 

exams with a consequently higher radiation dose, increased CM load and higher costs. 

Therefore, the reduction of CM extravasation is of importance. It seems that the beneficial 

effect of a four-phasic CM injection-protocol is due to the saline pacer bolus, which opens the 

vein before the high flow-rate CM injection and reduces the risk of vessel wall injury and 

extravasation, and reduces the risk of vessel wall injury and extravasation. Some state-of-the 

art power injectors offer ‘keep vein open’ functionality with an intravenous saline drip that is 

flowing just enough (e.g. 0.25 ml every 30 s) to keep the vein open for a longer time period and 

prevent coagulation or clot formation at the injection site. Intuitively, this technique might also 

reduce the risk of extravasation to some extent. However, it is unlikely that the slow drip of 

saline prevents extravasation as effectively as the saline pacer bolus described in our study, 

although this needs further investigation.  

Furthermore, it is important to note that the four-phasic CM injection-protocol is vendor 

independent and can be programmed with all power injectors. It is important to note that with 

the introduction of novel CT technologies, the amount of CM needed to achieve diagnostic 

quality has markedly decreased. In a recently published study by Kim et al., CM volume usage 

in coronary CTA performed with 320-row CT could be decreased from 60 to 40 ml with 

preserved image quality and diagnostic accuracy.306 In addition, Felmly et al. demonstrated that 

with the latest generation dual source CT a comprehensive transcatheter aortic valve 

replacement planning was feasible with reduced CM volumes.307 In line with these findings, 

Mangold et al. demonstrated that the use of automated tube voltage selection and CM volume 

adjustment reduces CM volumes and provides excellent image quality and optimal 

intravascular attenuation.308 The effect of novel CT technologies and reduced CM volumes on 

extravasation rate warrants further investigation. This study has some limitations, which should 

be acknowledged. First, this was a single-centre study, which might limit the generalizability 

of our results. We used a deterministic method for randomization, which involves open 

allocation based on odd and even weeks. This might potentially influence recruitment. 

However, in our study we enrolled all eligible patients, therefore the risk of selection bias is 

minimized. In addition, we did not perform a power calculation. However, during the 20-month 

study period we enrolled the maximum number of patients. Furthermore, we defined 

extravasation based on local symptoms and the inadequate CM enhancement in CTA images. 

To further objectivize extravasation events a dedicated extravasation monitor system or 

pressure monitoring would have been beneficial; however, at the time of the study this was not 

available at our site. 
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In our prospective observational study on image quality we demonstrated that IMR 

improves both qualitative and quantitative coronary CTA image quality parameters over HIR 

and FBP. We found IMR to improve CNR in the proximal, as well in the distal coronary artery 

segments. By quantitative coronary plaque assessment, we found a significant reduction in 

overall plaque volume and calcified plaque volume with the use of IMR as compared to HIR 

and FBP techniques. Interestingly, the image reconstruction technique did not influence non-

calcified plaque volume, except for high-attenuation volume ranging 90-129 HU, which was 

reduced with IMR, but no difference was found between HIR and FBP.  

To the best of our knowledge our study provides the first evidence for reduced calcified 

atherosclerotic plaque volumes in the coronaries as quantified with IMR and compared to HIR 

and FBP technique. Only a few studies evaluated the image quality of IMR for the evaluation 

of the coronary arteries in a clinical setting up until today.309-311 By using analogous scoring 

systems for overall image quality and image noise, all previous studies reported improved 

qualitative image quality parameters, similarly to our findings.309-311 Quantitative analysis 

confirmed our subjective findings, as we revealed a substantial decrease in image noise as 

measured in the aorta using IMR as compared to HIR and FBP. The overall noise reduction of 

66.9% with IMR and 31.5% with HIR in our study is comparable with the results of other 

research groups, which reported a noise reduction of 56.0-78.3% for IMR and 34.1-55.5% for 

HIR.309,310  

Similarly, we observed increased CNR values in every assessed coronary segment with 

HIR as compared with FBP, which further improved with IMR. This finding is in line with 

other recent studies evaluating the performance of IMR in the cardiac setting.309,310 

Interestingly, while median CT numbers were preserved in the aorta independent of applied 

image reconstruction technique, HU values in vessels with smaller caliber – proximal and distal 

segments of the coronary arteries – were higher with IMR as compared to the other two 

reconstructions. The median CT numbers did not differ between HIR and FBP in the respective 

coronary segments. Comparing the median values of attenuation in the distal coronary segments 

to the proximal ones of the same vessel, we found preserved or even increased median 

attenuation values using IMR. However, with HIR and FBP technique, the HU values were 

similar, or rather decreased from proximal to the distal coronary segments. A tendency for 

better visualization of the distal coronary segments was already described by Oda et al., though 

no difference was found in CT numbers among the three reconstructions between the proximal 

and distal coronary parts.310 In the study of Yuki et al. a clear drop of CT number was observed 

from proximal to distal, independent of image reconstruction.309 However, the lower tube 
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voltage settings applied in these studies might have influenced the CT number variations.309,310 

Interestingly, using model based iterative reconstruction of a different vendor at 120 kV 

tube voltage setting in an ex vivo model, Scheffel et al. also found higher median luminal CT 

numbers in the coronaries, as compared to HIR and standard FBP, while difference between 

HIR and FBP was not observed either.252 Our findings for the median attenuation in the 

proximal, and distal segments of the coronary arteries are more in line with the study of Scheffel 

et al. and differ from those of Oda et al.310 Smaller structures are typically more affected by the 

partial volume effect. More ideal point spread function, greater edge-enhancement kernels and 

subsequently improved CNR ratio allowed by IMR might support the imaging of small 

structures (e.g. coronary branches), which are not always adequately evaluable with noisier 

image reconstructions. The enhanced spatial resolution with IMR could influence the median 

HU values in ROIs drawn close to the edge of small structures, since these ROIs are likely to 

be influenced by the point spread function effect on the edge. On the other hand, ROIs drawn 

in the middle of larger structures such as aorta are not close to the edges and hence are not 

affected and provide the median HU values that are comparable to FBP and HIR techniques. 

 In clinical routine, standard reading of coronary stenosis is highly dependent on image 

quality and image noise. The utilization of IMR allows an excellent image quality by decreasing 

“graininess” of the CTA images, and also improves distal vessel visualization. As images 

remain of high diagnostic quality using IMR, significant dose reduction may be achieved, as 

reported by other studies. The improved spatial resolution achieved with IMR was also reflected 

in our results of plaque volume quantification. HIR decreased calcified plaque volume as 

compared to FBP, which was further reduced by IMR. High attenuation non-calcified plaque 

volumes were also lower with IMR. These result a reduced overall plaque volume measured 

with IMR. Low and intermediate attenuation non-calcified plaque volumes were not altered by 

the type of image reconstruction. Although currently qualitative analysis is used for clinical 

decision making in coronary CTA, automated plaque assessment is desirable for long term 

monitoring of plaque burden changes in individual patients. Only a few studies have evaluated 

the effect of recently introduced iterative reconstruction techniques for this purpose. We used 

a software tool validated against intravascular ultrasound for fully automated volumetric plaque 

assessment.88  

Contrary to our findings, two recently published studies demonstrated that HIR did not 

affect volumetric plaques assessment, while improved image quality as compared to FBP.50,51 

Although, in the detailed analysis by Fuchs et al., who analysed the plaque volume components 

in different HU strata, a significant decrease in calcified plaque components was reported with 
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CT numbers between 401 and 500 HU.51 Moreover, our previous investigation demonstrated 

the improved feasibility of automated plaque assessment with model-based iterative 

reconstruction, while it reduced the vessel-wall delineation incongruences, especially at the site 

of calcified plaques.312 This supports our hypothesis, that the decreased plaque volumes 

measured with IMR results mainly from the improved delineation of the calcified coronary 

atherosclerotic plaques. Recent studies have demonstrated controversial results regarding the 

impact of novel iterative reconstruction techniques on CAC scoring.313,314  

We and others have shown a significant reduction in CAC scores using novel iterative 

reconstruction algorithms as compared to FBP, which resulted in net reclassification rate of 

approximately 6-10%.55,315,316 Thus, novel image reconstruction techniques should be carefully 

implemented in the clinical setting when assessing patients’ risk using CAC or plaque volumes. 

There are some limitations of this study that we have to consider. During the past decade all 

vendors have introduced hybrid and model type iterative reconstruction techniques to improve 

image quality. The results of current study are derived from two different Philips iterative 

reconstruction algorithms (Philips, Best, The Netherlands), therefore it might not apply for all 

other vendor’s iterative reconstruction. Although FBP, HIR and IMR datasets were 

reconstructed using the same raw data to ensure data consistency, imaging parameter settings 

might be different, if data acquisition is optimized for a certain reconstruction type (e.g. tube 

voltage and tube current settings and contrast protocol). Our strict exclusion criteria have also 

evaded individuals with higher-heart rates and thus, our findings of image quality might not be 

generalized for everyday clinical setting. Though, current guidelines recommend sufficient 

premedication with a target HR<65 bpm during coronary CTA and we wanted to avoid the 

concomitant effect of motion artifacts. The subjective scoring system used for image quality 

analysis might show individual differences by readers and the different visual appearance of 

reconstruction types (e.g. “blotchy“ images of IMR) does not enable truly blinded analysis. 

However, the good-to-excellent inter-observer reproducibility of the qualitative scoring 

supports the reliability of our data. Moreover, we demonstrated an excellent inter-reader 

reproducibility of quantitative image quality analysis. The applied plaque quantification 

method might be also considered as a limitation of our study. The manual setting of plaque 

start- and endpoints might introduce some errors in plaque volume measurements, however 

excessive care was taken to ensure that exactly the same lesion was measured by the different 

reconstruction techniques. Although any observer related bias was avoided using an automated 

plaque quantification, this can be inaccurate in case of motion artifacts or certain vessel path 

characteristics. Accordingly, manual correction might be necessary in datasets of patients with 
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higher HRs during data acquisition and this might introduce observer related differences in 

plaque volume quantification. Last, there might be an overlap between plaque components and 

our findings need to be validated against reference standard (e.g. intravascular ultrasound). 

In our other clinical study on image quality, we found that scans of HTX recipients had 

better coronary CTA image quality than did scans of a matched control group with similar HRs. 

Despite the relatively high HR of HTX recipients, the number of non-diagnostic segments was 

low (5.8%), suggesting that coronary CTA with prospective ECG- triggering is a robust 

diagnostic tool with low radiation dose in this patient population. The subgroup analysis 

comparing the image quality of the two groups among scans with systolic and diastolic 

triggering showed similar results. The HTX recipients had better overall image quality 

compared with the control subjects both with systolic and diastolic triggering. However, the 

segment motion score index did not show any difference between the two groups among the 

scans triggered in diastole, which is most probably due to the lower HR of patients undergoing 

coronary CTA with diastolic triggering.  

Cardiac allograft vasculopathy is among the top three causes of death 1 year after HTX. 

Invasive coronary angiography is considered the reference standard method to diagnose CAV. 

However, it has been found that diagnosis based on a single invasive coronary angiography is 

challenging because of the concentric intimal hyperplasia; furthermore, the interobserver 

variation is high.317 Numerous studies investigated the diagnostic performance of coronary 

CTA to identify CAV.318-321 Von Ziegler et al. studied 26 consecutive patients with a mean (± 

SD) HR of 86 ± 13 beats/min using 64-MDCT.320 They found that 81.4% of the segments had 

diagnostic image quality. According to their results, coronary CTA has high negative predictive 

value (99.7%), and they concluded that coronary CTA is a reliable diagnostic tool to rule out 

CAV in HTX recipients.320 Similar results were shown by Mittal et al., who evaluated 130 HTX 

recipients (mean HR, 82.7 ± 4 beats/min) with 64-MDCT.318 Most of the evaluated segments 

(98%) had diagnostic image quality. They concluded that coronary CTA has high sensitivity, 

specificity, and excellent negative predictive value for the diagnosis of CAV in HTX recipients 

in comparison with invasive angiography.318 A meta-analysis published by Wever-Pinzon et al. 

showed that the combined overall weighted mean sensitivity, specificity, positive predictive 

value, and negative predictive value of CT for detection of CAV were 97%, 81%, 78%, and 

97%, respectively.322 Importantly, these studies used retrospective ECG-gating, because of the 

higher resting HR of HTX recipients, which resulted in higher radiation dose (10.2-17.5 

mSv).318,323 The reduction of radiation dose is of utmost importance for HTX recipients who 

undergo repeated scans and take immunosuppressant therapy, which substantially increases 
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cancer risk. We found that HTX recipients can be scanned with a prospective ECG-triggering 

scan mode with a low radiation dose (mean effective radiation dose, 3.7 mSv). Furthermore, 

we found that scans of HTX recipients with median HR of 74.0 beats/min have significantly 

better image quality than scans of control subjects with a similar HR (73.0 beats/min). In 

addition, the number of segments with excellent image quality was higher for HTX recipients 

than for control subjects. In accordance with these results, the ratio of non-diagnostic segments 

was lower among HTX recipients. Our observations might be explained by the loss of 

autonomous neural control. The surgical denervation after heart transplantation causes 

chronotropic incompetence, which results in elevated resting HR and nearly absent HR 

variability.324,325 According to Stolzmann et al. and Brodoefel et al., HR variability has a 

significant effect on the image quality in prospectively triggered coronary CTA.326,327 

Therefore, the lack of autonomous neural control and the consequent regular and steady HR 

seems to be optimal for prospectively ECG-triggered coronary CTA. Despite the excellent 

diagnostic accuracy and low radiation dose of modern CT scanners, the routine use of coronary 

CTA for follow-up of HTX recipients has not become widely accepted in daily practice.  

The guidelines of the International Society for Heart and Lung Transplantation and the 

recommendations of the European Association of Cardiovascular Imaging and Cardiovascular 

Imaging Department of the Brazilian Society of Cardiology raise concerns regarding the higher 

HR of HTX recipients and the excess ionizing radiation.58,61 However, contemporary scanner 

technology allows coronary imaging at ever decreasing radiation doses, and with modern 

scanners, the radiation dose generally does not exceed that associated with invasive coronary 

angiography. Therefore, we believe that, in experienced centers with contemporary CT 

scanners, coronary CTA is a promising alternative to invasive coronary angiography for follow-

up of HTX recipients. This study has some limitations that we have to acknowledge. First, 

coronary segments with a diameter smaller than 1.5 mm were excluded from the study because 

of the limited accuracy of coronary CTA in distal coronary segments and small-caliber side 

braches. Nevertheless, the evaluation of small coronary segments remains a challenge even 

with invasive techniques. Second, because of the specific postoperative appearance of the 

extracardiac structures (e.g., sternal sutures and great vessel anastomoses) of HTX recipients, 

the readers could not be blinded to the compared groups (HTX recipients vs control subjects), 

which might represent a potential bias that affects quality rating. Furthermore, we acknowledge 

that this HTX study was a single-center single-vendor study using a 256-MDCT scanner, which 

might limit the generalizability of our findings.  

In these four clinical investigations we have demonstrated that, 1) ultrashort acting  b-
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blockers might be a safe alternative of metoprolol in heart rate control before coronary CTA, 

2) by implementing innovative CM injection protocols the CM extravasation rate can be 

reduced significantly, 3) the new reconstruction algorithms improve coronary CTA image 

quality and 4) despite the higher heart rates in HTX patients the coronary CTA image quality 

is excellent.    

 

6.2 Imaging coronary atherosclerotic plaques   
 

6.2.1 Ex vivo studies 

One of the most important findings of our coronary plaque imaging projects was the 

identification of a novel radiological sign that we have named as ‘napkin-ring sign’.259 The 

NRS is a qualitative plaque feature and can be defined in a noncalcified plaque cross-section 

by the presence of two features: a central area of low CT attenuation that is apparently in contact 

with the lumen; and a ring-like higher attenuation plaque tissue surrounding this central area.72 

Interestingly, NRS was present in both native (that is non-contrast-enhanced) and 

contrast-enhanced ex vivo CT images, suggesting that the feature is the result of differences in 

CT attenuation between the large necrotic core (a central low CT attenuation) and fibrous 

plaque tissue (ring-like higher attenuation).  However, in vivo, some additional factors (such as 

the vasa vasorum) might influence the development of NRS.328 We have demonstrate that the 

area of necrotic core can be over twice the size in NRS plaques compared with non-NRS 

plaques (median 1.10 mm2 versus 0.46 mm2; P = 0.05).298 These values correlate with other 

histopathological observations that demonstrate the area of necrotic core in vulnerable plaques 

is >1.0 mm2 in the majority (~80%) of cases.5 

The current clinically used coronary CTA classification of coronary atherosclerotic 

plaque composition is based on the presence or absence of calcification and was initially 

suggested in early coronary CTA studies using 4-slice multidetector CT technology with 

limited spatial and temporal resolution.18,78 Although this classification has demonstrated that 

presence of NCP has some incremental value over the detection of CP in predicting adverse 

cardiovascular events, its ability to distinguish individual plaques that may be at higher risk for 

cardiovascular events is limited.18,86 Therefore, as a next step we have developed a novel plaque 

classification scheme, which differentiates three types of non-calcified plaques: napkin-ring 

sign, heterogeneous and homogenous plaque. Our data demonstrates that a qualitative 

assessment of the attenuation pattern of NCP by coronary CTA under ex vivo conditions 
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significantly improves diagnostic accuracy for the detection of advanced plaque and TCFA as 

determined by histopathology compared with the conventional assessment of plaque 

composition (p<0.05 for both). Remarkably, both heterogeneous appearances of NCP and NRS 

are highly specific for the presence of both advanced plaque and TFCA in histopathology 

(specificity: 98.9% and 94.1%, respectively). Previous studies demonstrated the inability of 

density measurements within the plaque to differentiate reliably between lipid-rich and fibrous 

plaques because of a significant overlap in attenuation values (30,39–41).79,85,329,330 Significant 

progress in CT technology with an improvement of spatial resolution reaching 0.3 mm in-plane, 

allows a more differentiated assessment of the noncalcified portion of plaque. Recent studies 

suggest that low attenuation (<30 HU) is a hallmark of both culprit lesions in acute coronary 

syndromes and is more frequently found in plaques that are at high risk for rupture.84,328,331 In 

addition, higher spatial resolution may mitigate the “masking” of NCP by CP, which appears 

at least 4´ larger in CT than its actual size due to blooming artifacts.332 

Our results demonstrate the increased ability of coronary CTA to differentiate 

individual plaque characteristics that are specific for advanced atherosclerotic lesions 

associated with increased vulnerability and subsequent adverse cardiovascular events.5,6,261,262 

Whereas the current clinically used classifications of partially calcified and NCP are unable to 

predict the presence of advanced plaques, NRS demonstrated a 98.9% specificity to identify 

advanced lesions and a 92.3% specificity for identifying TCFA. Our finding that the frequency 

of NRS was similar in MP and in NCP may help to resolve some contradictions in published 

studies, some of them reporting that MP rather than NCP indicates a higher risk for future 

cardiovascular events.90,102,333-336 Our data suggest that certain qualities of NCP irrespective of 

the presence of calcium are associated with advanced atherosclerotic lesions. 

 Prospective clinical studies are warranted to determine the prognostic value of PAP 

assessment to identify patients with the highest risk of developing cardiovascular events.337 

Whereas quantitative analysis of NCP has been described before, we pursued a qualitative 

approach to plaque characterization based on initial encouraging findings. The qualitative 

plaque pattern assessment may be more feasible and easier to implement in clinical practice or 

large studies. In addition, the quantitative assessment of plaque attenuation might be 

significantly altered by the coronary lumen enhancement, the reconstruction kernel, and the 

size and number of regions of interest used for the attenuation assessment.18,85 The ex vivo 

coronary CTA imaging was performed in an ideal, motion-free experimental setting. This might 

limit the direct translation of our findings into in vivo circumstances. However, it is important 

to note that some recently published studies observed a ring like attenuation pattern similar to 
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that of NRS in patients presenting with acute coronary syndromes.338,339 These observations 

indicate that the qualitative PAP assessment might be feasible in clinical scenarios. Further 

improvements in acquisition and post-processing techniques (e.g., iterative reconstruction 

techniques) in combination with reduction in radiation dose may further enhance the ability of 

coronary CTA to differentiate between individual plaque components and broaden the 

applicability of coronary CTA for the evaluation of coronary atherosclerosis.  

In our third ex vivo investigation, we have described a robust approach for data 

acquisition, co-registration, and systematic comparison of non-invasive (coronary CTA) and 

invasive (IVUS and OFDI) imaging modalities with the standard of reference (histologic 

examination). In this study we have demonstrated that (a) Various imaging features of plaques 

are associated with early plaque (normal cross section at coronary CT angiography and fibrous 

at OFDI) and advanced plaque (mixed at coronary CT angiography, any calcified plaque at 

intravascular US, and lipid-rich plaque at OFDI); (b) The overall performance of OFDI for 

differentiating early from advanced plaque is significantly better than that of IVUS and 

coronary CTA; (c) We found excellent interobserver agreement for OFDI and coronary CTA 

and good agreement for IVUS.  

Overall, the performance of each modality for differentiating early from advanced 

plaques reflects the differences in the physics behind these imaging methods. Not surprisingly, 

OFDI, with its excellent spatial resolution and tissue characterization, rendered the strongest 

associations with histologic examinations as compared with IVUS and coronary CTA. This is 

reflected by several significant associations between plaque type at OFDI and histopathologic 

examination. At OFDI, fibrous plaques were associated with early lesions, while lipid-rich 

plaques were associated with advanced lesions. In addition, OFDI yielded a sensitivity of 100% 

and a specificity of 81% for identifying TCFA, confirming the previously described potential 

of OFDI to help identify or confirm high-risk lesions.340-342 In contrast, TCFA composition was 

heterogeneous and non-discriminatory at intravascular US and coronary CTA. Normal IVUS 

findings precluded the presence of TCFA at histologic examination. However, the overall 

modest association of IVUS-based plaque composition with early or advanced plaques 

emphasizes the known limitations of gray-scale IVUS for tissue differentiation using the 

conventional classification scheme.343-345 Hence, IVUS has a higher potential in plaque size and 

volume assessment than for the presence of high-risk plaque.346,347 However, the newest IVUS 

methods, using, for example, virtual histologic examination techniques, and more advanced 

plaque classification may overcome these limitations.344,348 Our data suggest that conventional 

IVUS and coronary CT angiography are not significantly different in their ability to help predict 
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lesion stage at histologic examination. Importantly, both ex vivo studies demonstrated that the 

absence of plaque in coronary CTA excludes the presence of advanced atherosclerotic lesion 

or TFCA. This finding is consistent with clinical studies demonstrating the rarity of 

cardiovascular events in patients without coronary artery disease as described by coronary 

CTA.90,101,349,350  

Although non-invasive imaging is evolving rapidly, IVUS and OFDI still offer the 

highest accuracy regarding the differentiation of plaque components, and IVUS remains the 

clinical standard of plaque burden assessment. However, coronary CTA is able to reliably help 

exclude relevant coronary artery disease and offers a high sensitivity for the detection of 

significant coronary artery stenosis.351 Furthermore, as the presence of mixed plaques and other 

high-risk plaque features are associated with the presence of advanced coronary atherosclerotic 

lesions at histologic examination.90,102,259,350  

It is important to note that these studies were performed in an ideal ex vivo setting 

providing motion-free image-based plaque characterization in a limited number of hearts. Thus, 

our results cannot be directly translated to in vivo circumstances. At histopathologic 

examination, a modified nomenclature for coronary atheroslcerosis was applied.6 We believe 

that the modified stratification is useful as it differentiates plaques that have a higher risk of 

causing cardiac events from those with lower risk while accommodating the limited spatial and 

contrast resolution of intravascular US and of coronary CT angiography. Moreover, our 

experimental setup resulted in no exclusion of vessel segments because of artifacts and allowed 

the analysis of 379 histologic cuts from three donor hearts. In contrast, previously published ex 

vivo studies included a much higher number of cadaver hearts (11-30 hearts), on the other hand 

because of methodologic limitations and air bubble formation, much fewer cross sections were 

suitable for analysis (17-312 sections).352-354 Furthermore, the generally used plaque 

classification schemes for coronary CTA, IVUS, and OFDI were developed independently; 

thus, a direct comparison between modalities is limited.  

A sequential imaging strategy using coronary CTA to identify high-risk plaque features 

such as the NRS, followed by invasive imaging tools to confirm the presence of vulnerable 

plaques might provide a framework suitable to identify individuals with the highest risk to 

develop acute coronary syndromes. Further ex vivo and in vivo research is warranted to assess 

the generalizability of our findings.  

 

 

dc_1530_18

Powered by TCPDF (www.tcpdf.org)



 134 

6.2.2 In vivo studies 

 

In a prospective clinical study we have demonstrated that ICA sees only half as many 

segments with plaque and underestimates plaque sizes compared to coronary CTA in patients 

with moderate, mild, and minimal plaques. These differences might have a significance in 

patient risk stratification and patient management. Butler et al. reported even larger differences 

when analyzing the results of 37 patients who underwent both imaging modalities.355 In their 

patient population, even larger differences were observed between the methods (CTA: 67%; 

ICA: 24%), which resulted in greater percentage of segments only seen stenotic on CTA (57%). 

To assess the clinical significance of discrepancy in the number of stenotic segments seen by 

CTA and ICA, we classified patients as proposed by Bittencourt et al.117 In 78% of reclassified 

subjects, reclassification was solely caused by CTA classifying the patients as extensive 

compared to ICA, which classified them as non-extensive, whereas in 22%, it was caused by 

CTA overrating the degree of obstruction. One patient who changed to lower risk category was 

due to that coronary CTA underestimated the degree of stenosis.  

Bittencourt et al. calculated hazard ratios associated with the patient categories: 

extensive obstructive: 3.9, extensive non-obstructive: 3.1, non-extensive obstructive: 3.0, 

whereas non-extensive non-obstructive did not show any association with any increase in rate 

of events. Using hazard ratio values of the risk groups, average hazard ratio of ICA-based 

measurements was lower than CTA-based calculations (2.7 vs 3.3, respectively). Current 

identification of patients prone to major adverse cardiovascular events is based on 

anthropometric and blood test information. In recent years with the development of imaging 

techniques, significant efforts have been invested into finding morphologic features unique to 

vulnerable plaques. This paradigm shift from risk factors to lesion-based phenotypic risk 

assessment showed promising results, but longitudinal studies question the predictive value of 

a single high-risk plaque at a given time point.356 Kubo et al. demonstrated using intravascular 

ultrasound-virtual histology that 75% of vulnerable plaques lost high-risk characteristics by 

thickening of the fibrous cap or by transforming to fibrotic plaques.357 Only 25% showed 

vulnerable characteristics after 12-month follow-up.  

It seems that the identification of vulnerable patients is more than identifying high-risk 

plaques. Invasive coronary angiography is accepted as the reference standard of stenosis 

quantification in daily clinical practice. Although the coronary lumen is depicted with high 

temporal and spatial resolution, the coronary wall is imperceptible with ICA; therefore, the 

identification plaques that cause minimal and mild stenosis is challenging. In contrast, coronary 
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CTA is capable of visualizing not only the lumen but also the coronary wall and atherosclerotic 

plaques. It has a high diagnostic accuracy to identify obstructive lesions; however, it has a 

tendency to overestimate stenosis severity. Because of the high CT attenuation values of 

calcium, coronary CTA shows a superior sensitivity to identify calcified plaques. The 

identification of noncalcified plaque is more challenging, and it requires excellent image 

quality. The CONFIRM registry demonstrated the importance of the presence of mild and 

minor plaques, as the hazard ratio increases by 1.22 for each segment with any plaque.119 Thus, 

differences in the number of diseased segments observed by different imaging techniques can 

have a major impact on risk assessment. Hence, ICA and coronary CTA are not 

interchangeable. Invasive coronary angiography is superb at detecting obstructive coronary 

disease but is inferior to CTA in plaque detection. Therefore, ICA might underestimate patient 

risk because of the insufficient recognition of nonobstructive plaques. 

In our subsequent retrospective case-control study we demonstrated that coronary 

plaques consist of sufficient number of voxels to conduct radiomic analysis. Importantly, 20.6% 

of radiomic parameters showed a significant difference between plaques with or without 

napkin-ring sign, whereas conventional CT metrics (such as plaque volume, positive 

remodelling) did not show any difference. Furthermore, several radiomic parameters had a 

higher diagnostic accuracy in identifying NRS plaques than conventional quantitative 

measures. Cluster analysis revealed that many of these parameters are correlated with each 

other; however, there are several distinct clusters, which imply the presence of various features 

that hold unique information on plaque morphology. Cross-validation simulations indicate that 

our results are robust when assessing the discriminatory value of radiomic parameters, implying 

the generalizability of our results.  

Radiomics uses voxel values and their relationship to each other to quantify image 

characteristics. On the basis of our results, it seems not only do radiomic features outperform 

conventional quantitative imaging markers but also parameters incorporating the spatial 

distribution of voxels (GLCM, GLRLM, and geometry-based parameters) have a better 

predictive value than first-order statistics, which describe the statistical distribution of the 

intensity values. Among GCLM parameters, the interquartile range, the lower notch, the median 

absolute deviation from the mean of the GLCM probability distribution, Gauss right focus, and 

sum energy had the 5 highest AUC values. NRS plaques have many low-value voxels next to 

each other in a group surrounded by higher density voxels. This heterogeneous morphology 

results in an unbalanced GLCM and therefore higher inter-quartile rank values, which also 

means smaller lower notch values and bigger deviations from the mean. Gauss right focus and 
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sum energy both give higher weights to elements in the lower right of the GLCM, which 

represents the probability of high-density voxels occurring next to each other. Because NRS 

plaques do not have many high-value voxels next to each other, they received smaller values, 

whereas non-NRS plaques have higher values, which resulted in excellent diagnostic accuracy. 

 Among GLRLM statistics, long- and short-run low-gray-level emphasis, long- and 

short-run emphasis, and run percentage had the best predictive value. Run percentage and long-

run emphasis give high values to lesions, where there are many similar value voxels in 1 

direction, whereas long-run low-gray-level emphasis adds a weight to the previous parameter 

by giving higher weights when these voxel runs contain low Hounsfield unit values. NRS 

plaques’ low-density core has many low CT number voxels next to each other in 1 direction; 

therefore, NRS plaques have higher values compared with non-NRS plaques, which results in 

excel- lent diagnostic accuracy. In case of short-run emphasis and short-run low-gray-level 

emphasis, the contrary is true, which results in NRS plaques receiving low values, whereas non-

NRS plaque have higher values also leading to high AUC values.  

Among geometry-based parameters, the first 5 with the best diagnostic accuracy all 

represent the surface ratio of a specific subcomponent to the whole surface of the plaque. In all 

cases, the ratio of high-density subcomponents (e.g., sub-component 2 when the plaque was 

divided into 2 components) to the whole surface had excellent diagnostic accuracy. Because 

each subcomponent is composed of equal number of voxels because of the equally probable 

binning, the difference in surfaces is a result of how the high-intensity voxels are situated to 

each other. In case of NRS plaques, extraction of low attenuation voxels leaves a hollow 

cylindrical shape of high CT number voxels, which has a relatively large surface. Non-NRS 

plaques on the contrary do not have such voxel complexes; therefore, the surface of the high 

attenuation voxels is smaller, and, therefore, the ratio compared with the whole surface is also 

smaller.  

This kind of transition from qualitative to quantitative image assessment was initiated 

by oncoradiology. Because studies showed that morphological descriptors correlate with later 

outcomes, reporting guidelines such as the Breast Imaging Reporting and Data System started 

implementing qualitative morphological characteristics into clinical practice.358,359 However, 

despite all the efforts of standardization, the variability of image assessment based on human 

interpretation is still substantial.360 Radiomics, the process of extracting thousands of different 

morphological descriptors from medical images, has been shown to reach the diagnostic 

accuracy of clinical experts in identifying malignant lesions.361 Furthermore, radiomics can not 

only classify abnormalities to proper clinical categories but also discriminate between 
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responders and non-responders to clinical therapy and predict long-term outcomes.362,363 

However, there are major concerns on the generalizability of radiomics. Several studies 

have shown that imaging parameters, reconstruction settings, segmentation algorithms affect 

the radiomic signature of lesions.364,365 Furthermore, it has been shown that the variability 

caused by these changeable parameters is in the range or even greater than the variability of 

radiomic features of tumor lesions.366 Little is known about cardiovascular radiomics. Several 

studies will be needed to replicate these results in the cardiovascular domain. The potential of 

radiomics is extensive; however, the problem of standardized imaging protocols and radiomic 

analysis need to be solved to achieve robust and generalizable results.  

Despite our encouraging results, our radiomics study has some limitations that should 

be acknowledged. All of our examinations were done using the same scanner and reconstruction 

settings. It is yet unknown how these settings might affect radiomic parameters and therefore 

influence the applicability of radiomics in daily clinical care. Furthermore, our results are based 

on a case-control study design. The true prevalence of the NRS is considerably smaller 

compared with non-NRS plaques in a real population. Therefore, our observed positive 

predictive values might be higher, whereas our negative predictive values might be smaller than 

that expected in a real-world setting. Moreover, our limited sample sizes might not allow the 

accurate assessment of the diagnostic accuracy of the different parameters. However, we 

performed Monte Carlo simulations and cross-validated our results to achieve robust estimates. 

Radiomics is a promising new tool to identify qualitative plaque features such as the NRS. 

Because the number of CT examinations increases, we are in dire need of new techniques that 

increase the accuracy of our examinations without increasing the workload of imaging 

specialists. We demonstrated that radiomics has the potential to identify a qualitative high-risk 

plaque feature that currently only experts are capable of. Furthermore, our findings indicate that 

radiomics can quantitatively describe qualitative plaque morphologies and therefore have the 

potential to decrease intra- and inter-observer variability by objectifying plaque assessment. In 

addition, we observed several different clusters of information present in our data set, implying 

that radiomics might be able to identify new image markers that are currently unknown. These 

new radiomic characteristics might provide a more accurate plaque risk stratification than the 

currently used high- risk plaque features. Radiomics could easily be implemented into currently 

used standard clinical workstations and become a computer-aided diagnostic tool, which 

seamlessly integrates into the clinical workflow and could increase the reproducibility and the 

accuracy of diagnostic image interpretation in the future.  

In these ex vivo and in vivo investigations, we have assessed morphological 
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characteristics of CAD. However, the functional aspects of coronary plaques, i.e. the presence 

or absence of lesion specific ischemia have important therapeutic and prognostic implications. 

Therefore, in our prospective two-center study we evaluated the diagnostic accuracy of a new 

rapid on-site FFR-CT algorithm.  

We have demonstrated that this algorithm has a good diagnostic accuracy when 

compared with the reference standard invasive FFR. The FFR-CT algorithm showed excellent 

intra- and inter-reader reproducibility. Additional procedure time was short and acceptable for 

integration into a clinical service workflow. Our results demonstrate the feasibility of a rapid 

on-site FFR-CT approach for patients in whom referral for ICA was considered appropriate. 

Off-site algorithms have recently been approved by the Food and Drug Administration (FDA) 

and are currently being appraised by the National Institute for Health and Care Excellence 

(NICE). Based on early work in a range of clinical scenarios, the feasibility and diagnostic 

accuracy of FFR-CT has been established.176,199-201 Recently, the PLATFORM study 

demonstrated that when compared with standard of care, an FFR-CT strategy could reduce the 

normalcy rate of invasive catheter angiography by 61%.202 Furthermore, there is some evidence 

to suggest that FFR-CT may be cost-effective and could improve the quality of life of patients 

who underwent investigation.203 We have demonstrated that the diagnostic performance of 

FFR-CT was better than that of anatomic quantitative stenosis assessment based on EDS 

measurements alone. If the FFR-CT results were available to the referral team it is possible that 

nearly 50% of ICA referrals may have been avoided. Although further evaluation is required, 

this would be consistent with the conclusions of the previously published PLATFORM trial.202 

We also found that lower FFR-CT values had higher bias, whereas higher values had 

lower bias. This characteristic might increase the false-positive rate, but in contrast, this 

increased the safety margin of on-site FFR-CT simulation as the false negative rate was low. 

Finally, the specificity of our algorithm was lower than other off-site techniques, but it is 

comparable with previously published on-site simulations.367,368 Although the workflow used 

here is very similar to other on-site algorithms, they differ in the underlying solver and the 

patient-specific boundary conditions.369,370 The approach used by Coenen et al. uses 2 different 

vessel models (full-order in stenotic and reduced order for healthy regions) to simulate blood 

flow and boundary conditions for rest and stress where a total blood flow proportional to the 

myocardial mass is distributed according to Murray’s law over the segmented coronaries.205 In 

contrast, the lumped parameter model approach used in our work uses a consistent vessel model 

based on a tree of lumped elements to simulate blood flow along the coronaries and boundary 

conditions that use a microvascular resistance scaled according to a physical law derived by 
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Huo and Kassab.371 For widespread adoption of a new technology, it must complement existing 

care pathways, be accurate, reproducible, easy to use, cost-effective, and provide additional 

beneficial diagnostic information. On-site FFR-CT demands excellent image quality and 

additional operator time for semiautomated 3D coronary lumen segmentation; therefore, fully 

automated lumen segmentation could greatly improve the workflow.369  

 

6.3 Adipose tissue and coronary artery disease    
 

We have conducted two studies aiming to decipher the role of adipose tissue 

compartment in the development of coronary artery disease and assess the heritability adipose 

tissue quantities. In our first study we have provided a mechanistic view on various fat 

compartments located in the thorax and their relationship to coronary artery plaque and 

systemic markers of inflammation.  

We found that all four thoracic fat depots (pericoronary, epicardial, periaortic and 

extracardiac adipose tissue) were higher in patients with coronary plaque compared to those 

without despite no difference in BMI. Correlation of the fat depots to BMI was moderate for 

epicardial, periaortic, and extracardiac fat depots and it was modest for the pericoronary fat 

compartment. The strength of association to coronary plaque was dependent on the proximity 

of the fat depot to the coronary arteries. Furthermore, we found an association between higher 

volumes of perivascular fat depots and the presence of plaque, and more specifically between 

pericoronary fat and the presence of CAD irrespective of the extent of CAD. Despite being the 

least correlated to BMI, pericoronary fat, which is one of the smallest fat depots yet closest in 

proximity to the coronary vasculature, was most consistently associated with CAD. 

Interestingly, the fat depots farther from the coronary vasculature (epicardial, periaortic, and 

extracardiac) attenuated in their association to CAD after adjustment for cardiovascular risk 

factors.  

Furthermore, circulatory biomarkers of inflammation showed the strongest positive 

correlation with fat compartments closest to the coronary arteries. Interestingly, adiponectin 

was not associated with pericoronary adipose tissue, and it showed a negative correlation with 

the other intrathoracic fat depots. It has long been understood that increased adipose tissue 

volume and elevated BMI is associated with increase in cardiovascular disease risk.372 Our 

study further extends the data regarding the relationship of the local fat volumes closest to the 

heart and their relationship to CAD. Our findings that increased volume of thoracic fat depots 
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closest to the coronary vessels are associated to presence of coronary plaque are consistent with 

previous studies that showed that pericoronary fat is associated with coronary atherosclerosis 

in the local underlying coronary segment in patients with known or suspected CAD.373  

We found that the adipose tissue depot in closest proximity to the coronary artery 

vessels (pericoronary fat compartment) remained independently associated to the presence of 

coronary plaque even following adjustment for BMI and other CAD risk factors. Notably, 

pericoronary adipose tissue was found to be the least correlated to BMI in our analysis. This 

further suggests the presence of a local atherogenic effect of adipose tissue. These results 

suggest that coronary atherosclerosis might be influenced by the fat depot in closest proximity 

to the coronary vasculature. Furthermore, to account for systemic inflammation, which is a 

well-known risk factor of CAD, we have assessed the levels of several inflammatory 

biomarkers. The intrathoracic fat depots showed an association with circulating inflammatory 

biomarker levels irrespective of CAD. The strongest correlations were present between hsCRP 

and PAI-1 and the fat depots. These findings are consistent with previous studies describing 

increased inflammatory status and the predisposition of thrombosis in patients with increased 

adipose tissue volumes.374 Adiponectin was not associated to the pericoronary fat tissue and it 

showed an inverse relationship with all other intrathoracic fat compartments.  

Mechanistically, this finding is consistent with the results of a previously published 

meta-analysis, which showed no association between adiponectin and CAD.375 It has been 

suggested that locally acting perivascular fat depots such as pericoronary fat may contribute to 

the development of cardiovascular disease through the modulation of vascular tone, oxidative 

stress, and inflammation.376,377 Thoracic fat located close to the coronary arteries has also been 

shown to be associated with the presence of calcified plaque in large population based studies 

such as the Multi-Ethnic Study of Atherosclerosis.223 Importantly, epicardial and pericoronary 

fat depots are most probably consisting of the same type of metabolically active adipose tissue, 

however their difference in proximity to the coronary wall what renders potentially different 

pathophysiologic roles in the process of atherogenesis. The mechanism of action of local 

perivascular fat depots on the development of CAD is currently under investigation, and 

multiple studies have shown that visceral fat secretes a variety of inflammatory cytokines 

including interleukin-6, adiponectin, and TNFa.218,378-381 Adipocytokines secreted by local fat 

tissue may diffuse into the vessel wall promoting the development of atherosclerosis 

independent of the effects of total body fat stores or systemic levels of inflammation. In 

addition, a genome wide association study has recently shown a specific genetic locus to be 

associated with the ectopic deposition of fat, further emphasizing the unique role of the adipose 
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tissue located within the pericardium.382 Taken together, our study supports the current 

literature suggesting that there is a local effect of pericoronary adipose tissue on the 

development of CAD. Our results also suggest that there is a gradient in terms of CAD risk 

from extracardiac fat compartment towards the pericoronary adipose tissue depot. Furthermore, 

the circulatory markers of inflammation were correlated to the intrathoracic fat compartments 

irrespective of CAD, which underscores the endocrine organ-like functions of adipose tissue. 

In our classical twin study, we demonstrated that genetics have substantial, while 

environmental factors have only a modest influence on EAT, SAT and VAT volumes. Our 

findings show that common and specific genetic effects both play an important role in 

developing these phenotypes. None of the phenotypic appearance of EAT, SAT and VAT 

proved to be completely independent of the other two. To the best of our knowledge, this is the 

first clinical study to evaluate the genetic and environmental dependence of EAT quantity and 

assessed simultaneously the joint heritability of EAT, SAT and VAT in twin pairs. In the total 

cohort, SAT quantity was higher (217.9 mm2) than VAT quantity (156.6 mm2). The mean 

volume of EAT (97.1 cm3) was in the range of middle-aged healthy subjects.215 It is of note that 

SAT and VAT was planimetrically, whereas EAT was volumetrically measured in our cohort. 

Importantly, there was no significant difference in the assessed fat volumes comparing MZ with 

DZ subjects.  

We used advanced statistical methods to decipher the ratio of genetic and environmental 

effects on EAT, SAT and VAT quantities. In addition to single trait analysis, we performed 

multi-trait models to explore the complex interactions of multiple quantitative traits. This 

method has been recently used to dissect genetic mechanisms underlying complex diseases such 

as obesity.383,384 We demonstrated that common genetic effects predominated over common 

environmental influences on the latent phenotype (71% versus 29%). On the other hand, 

although the latent phenotype markedly influenced VAT (98%), its effect was minimal on SAT 

(26%) and its impact on EAT was intermediate (49%). This relationship was reflected by the 

stronger phenotypic correlation between VAT and EAT, than between VAT and SAT. Latent 

phenotype could be related to BMI, obesity or total fat depot. However, the co-linearity between 

BMI (which represents all fat compartments) and specific adipose tissue quantities precludes 

the independent analysis of BMI in our multi-trait models. Regarding the whole distribution of 

variance of CT-based fat measurements, it seems that the phenotypic appearance of EAT, SAT 

and VAT quantities are driven by common and specific genetic and environmental factors. 

Furthermore, we found that none of the fat compartments’ heritability was independent of the 

other two.  
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Taken together, an interplay between common and specific genetic effects and 

environmental influences may be hypothesized, but the magnitude of their relative impact on 

different adipose tissue compartments varies. We demonstrated a relatively strong genetic 

dependence of EAT, which has not been described previously. The genetic dependence of 

anthropometric parameters (weight, height and BMI) has been well documented in former twin 

studies.385-387 Heritability of different ectopic fat compartments (hepatic lipid accumulation) 

was also investigated in twins, and in this case environmental factors predominated over genetic 

influences.388 Hence, heritability of different adipose tissue compartments and that of ectopic 

fats may vary.  

The presence of strong genetic predisposition does not automatically translate to the 

development of clinical disease phenotype. Considering this fact, early and continuous 

preventive efforts should be implemented. In case of obesity, intervention should be initiated 

as early as possible and all modifiable risk factors should be addressed with diet, physical 

activity and behavioural interventions starting as early as preschool age.389,390 Importantly, 

weight loss and exercise training may reduce EAT and abdominal adipose tissue volumes in 

adult subjects with obesity.391,392 Non-contrast enhanced CT scan was used to evaluate 

quantities of various fat compartments, although other non-invasive methods 

(echocardiography and magnetic resonance imaging) have been used previously. 

Echocardiography has several disadvantages including poor reproducibility and high 

dependence of investigator’s experience.393 Magnetic resonance imaging provides accurate area 

measurements but is not as widely available in routine clinical practice as CT. Furthermore, it 

is more expensive and has poorer spatial resolution compared to CT.394 The CT-based 

volumetric measurements in our study were highly reproducible. In addition, it is important to 

note that to the best of our knowledge, our study represents the first investigation using CT 

phenotyping of fat compartments in twins.  

 

 

6.4 Structured reporting   
The utilization of structured reporting platforms in reading and reporting of coronary 

CTA findings allows the implementation of automatic classification into medical reporting, 

which substantially reduces human error and thus improves data integrity.149 The most widely 

used classification is coronary CTA reporting is the CAD-RADS scheme, developed by the 

Society of Cardiovascular Computed Tomography. Our study underlined the use of structured 

reporting with built in automatic classification algorithms. The CAD-RADS categories were 

dc_1530_18

Powered by TCPDF (www.tcpdf.org)



 143 

mis-classified by clinicians in approximately one fifth of the patients.  

The implementation of the CAD-RADS multidisciplinary consensus document 

represents an important step to achieve uniform and consistent coronary CTA reporting using 

a standardized and simplified terminology. Similar data systems exist in breast, prostate and 

lung imaging, and studies have verified their ability of standardizing patient management in a 

practical way.395-398 Both image interpretation and subsequent reporting can inflict errors in 

CAD assessment and thus lead to altered clinical decision making. Clinical experience and 

training of readers ensures the adequate assessment of lesion severity and high-risk plaque 

morphology and thus reduces interpretation inconsistency. The use of CAD-RADS could result 

in improved reproducibility for image interpretation although this has not yet been tested. 

Reporting inconsistency is associated with non-standardized reporting and inconsistent use of 

nomenclature and classification schemes. The implementation of CAD-RADS in the clinical 

routine requires proper training in coronary CTA and standardized clinical reporting. 

Importantly, CAD-RADS classification might be influenced by reporting inconsistency 

despite proper image interpretation. Our study design provides a unique opportunity to assess 

this inconsistency. We have identified several potential pitfalls that could hinder the primary 

aim of CAD-RADS, namely, to provide consistent CTA reports in a standardized fashion. We 

demonstrated that approximately one fifth of the patients were misclassified by the readers 

during reporting. Total agreement between manual and automated classification was 80.2%. 

Lowest agreement was found for two high-risk feature positive plaques, denoted by modifier 

V. This could possibly alter patient management and also lead to lower data integrity for 

research purposes. In addition, we demonstrated that human error might influence further 

management and decision making up to 16% of the patients, including errors in plaque 

vulnerability assessment. Although clinicians should still evaluate the patient's individual risk 

status in addition to the CAD-RADS recommendation in clinical decision making. Structured 

reporting tools in cardiac imaging have been predominantly implemented to improve data 

integrity and to establish large databases for research purposes, education and patient care.399-

403 The implementation of automated CAD-RADS calculations in structured reporting 

platforms has been previously proposed by experts in the field.242,404 Structured reporting 

algorithms that are capable of calculating CAD-RADS scores are needed to avoid simple 

mistakes in classification.  

Our work suggests that structured reporting platforms could improve clinical workflow 

by assisting clinicians in reporting and at the same time significantly reducing errors due to 

human factors, such as inattention, clinical overload or lack in knowledge. Consequently, 
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effective communication of coronary CTA results and adequate clinical decision making can 

be established. Importantly, our study demonstrated that the misclassifications were not caused 

by the limitations of the common CAD-RADS lexicon, they can rather be attributed to human 

error. The results of our study could therefore help to develop training programs and software 

platforms to support the widespread adoption of CAD-RADS based coronary CTA 

interpretation.  

We aimed to further elucidate the role of various factors that might be associated with 

CAD-RADS misclassification. Interestingly, more experienced readers had more errors in 

classifying the patients, which is also reflected in the higher number of non-existing CAD-

RADS categories. This suggests that consistent CAD-RADS reporting is more influenced by 

factors that determine individual attention span rather than clinical experience. Nonetheless, we 

strongly encourage regular training of clinicians to ensure the proper use of CAD-RADS. We 

detected significant improvement in the agreement of modifier V as a result of training after 

the first half of the study (50 cases per reader). Importantly, the agreement for other modifiers 

(N, S and G) was similar throughout the whole study suggesting that these are not related to 

knowledge in classification but rather to inattention. Attention span is an important determinant 

of reader's performance and it might be influenced by the clinical workload or by the time of 

the day. Therefore, we also evaluated the effect of these factors on misclassification rates. 

However, we found that clinical load reflected by the number of reports or time of the day did 

not influence reader's performance. Even though automated CAD-RADS classification uses 

data filled in by the readers, it performs better in determining the CAD-RADS category than 

the clinical readers by preventing human errors. Structured reporting platforms with automated 

score calculations might improve data quality and support clinical decision making. 
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7 Summary of novel scientific findings 

 

1. We showed that intravenous esmolol with a stepwise bolus administration protocol is at 

least as efficacious as the standard of care metoprolol to achieve the optimal heart rate 

during coronary CTA. Esmolol allows a safe heart rate control for coronary CTA 

examination even if it is administered in high doses with a dosage scheme independent 

of body weight.  

2. We have developed a novel four-phasic contrast injection protocol, which resulted in a 

65% reduction of the extravasation rate as compared to the conventionally used three-

phasic CM injection-protocol in coronary CTA.  

3. We demonstrated that the utilization of iterative model reconstruction leads to a 

significantly improved coronary CTA image quality with improved visualization of the 

distal vessel segments as compared to the conventional filtered back reconstruction 

techniques.  

4. We showed that coronary CTA of heart transplant recipients is feasible and has a 

significantly better image quality as compared to a control group with similar heart 

rates. Our findings suggest that invasive coronary angiography could be replaced by 

coronary CTA in experienced centers to screen heart transplant recipients for cardiac 

allograft vasculopathy.  

5. We have described a robust ex vivo experimental approach for data acquisition, co-

registration, and systematic comparison of non-invasive and invasive imaging 

modalities with the standard of reference (histologic examination). 

6. We have identified a novel coronary CTA imaging biomarker of high-risk 

atherosclerotic plaques and named it as ‘napkin-ring sign’.  

7. We demonstrated that the napkin-ring sign has a high specificity and high positive 

predictive value for the presence of advanced lesions as defined by histology. 

8. We showed that the qualitative assessment of the CT attenuation pattern of non-calcified 

plaque tissue improves diagnostic accuracy of coronary CTA to identify advanced 

atherosclerotic lesions and thin-cap fibroatheromas using histology as the reference 

standard.  
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9. We have demonstrated that various imaging features of plaques are associated with 

early plaque (normal cross section at coronary CTA and fibrous plaque at OFDI) and 

advanced plaque (partially calcified plaque at coronary CTA, any calcified plaque at 

IVUS, and lipid-rich plaque at OFDI). 

10. We showed that the overall performance of OFDI for differentiating early from 

advanced plaque is significantly better than that of IVUS and coronary CT angiography. 

11. In a prospective clinical study we have demonstrated that invasive coronary 

angiography identifies only half as many coronary segments with plaque and 

underestimates plaque sizes compared to coronary CTA. Therefore, ICA might 

underestimate patient risk because of the insufficient recognition of nonobstructive 

plaques. 

12. We have developed a novel technique for radiomic analysis of coronary CTA images 

and demonstrated that coronary plaques consist of sufficient number of voxels to 

conduct radiomic analysis. 

13. We showed that radiomic parameters have a higher diagnostic accuracy in identifying 

plaques with napkin-ring signs than conventional quantitative measures.  

14. In our prospective two-center study we have demonstrated the feasibility of a rapid on-

site FFR-CT approach to assess the hemodynamic significance of coronary artery 

plaque. 

15. We have demonstrated that on-site FFR-CT algorithm has a good diagnostic accuracy 

when compared with the reference standard invasive FFR.  

16. We showed that the diagnostic performance of on-site FFR-CT simulation algorithm is 

robust and does not depend on the readers who adjust the semiautomated lumen 

segmentation. 

17. We showed that among the thoracic fat depots, pericoronary fat is associated with 

coronary atherosclerosis independently of the standard measures of obesity such as 

BMI.  

18. We described that the association of pericoronary fat quantity with inflammatory 

biomarkers but not adiponectin (a marker of visceral fat) suggests that while systemic 

inflammation plays a role in the pathogenesis of coronary atherosclerosis, there are 

additional local effects that exist. 
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19. In a classical twin study we demonstrated that genetics have substantial, while 

environmental factors have only a modest influence on epicardial, subcutaneous and 

visceral adipose tissue volumes.  

20.  We showed that common and specific genetic effects may be involved in the 

heritability of all three adipose tissue quantities. 

21. We have developed a structured reporting platform for clinical coronary CTA 

interpretation that is used in clinical practice at the Heart and Vascular Center of the 

Semmelweis University. 

22. We have demonstrated that the use of structured reporting platforms in reporting 

coronary CTA findings allows the implementation of automatic classification into 

medical reporting, which substantially reduces human error and thus improves data 

integrity 
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Iterative image reconstruction algorithms in coronary CT angiography improve the 
detection of lipid-core plaque - a comparison with histology 
EUROPEAN RADIOLOGY 25:(1) pp. 15-23. (2015) 
Independent citations: 14 Dependent citations: 1 Total: 15 
IF: 3.640 

 
89. Szelid Z, Lux A, Kolossvary M, Toth A, Vago H, Lendvai Z, Kiss L, Maurovich-

Horvat P, Bagyura Z, Merkely B 
Right Ventricular Adaptation Is Associated with the Glu298Asp Variant of the NOS3 
Gene in Elite Athletes. 
PLOS ONE 10:(10) Paper e0141680. 12 p. (2015) 
Independent citations: 2 Dependent citations: 1 Total: 3 
IF: 3.057 

 
90. Becker D, Móri A, Bárczi Gy, Vágó H, Szenczi O, Berta B, Heltai K, Zima E, 

Maurovich-Horvat P, Merkely B 
The magnitude of percutaneous coronary intervention treatment in high and medium 
risk non-ST elevation acute coronary syndrome 
COR ET VASA 56:(4) pp. e333-e336. (2014) 

 
91. Molnar AA, Kovacs A, Apor A, Tarnoki AD, Tarnoki DL, Horvath T, Maurovich-

Horvat P, Kiss RG, Jermendy G, Merkely B 
Case Report of Multiple Valve Disease Found in Triplets 
TWIN RESEARCH AND HUMAN GENETICS 17:(5) pp. 383-389. (2014) 
Dependent citations: 1 Total: 1 
IF: 2.297 

 
92. Ozcan EE, Szeplaki G, Tahin T, Osztheimer I, Szilagyi S, Apor A, Maurovich-Horvat 

P, Vago H, Merkely B, Geller L 
Impact of respiration gating on image integration guided atrial fibrillation ablation. 
CLINICAL RESEARCH IN CARDIOLOGY 103:(9) pp. 727-731. (2014) 
Independent citations: 6 Dependent citations: 1 Total: 7  
IF: 4.560 

 
93. Karolyi M, Seifarth H, Liew G, Schlett CL, Maurovich-Horvat P, Stolzmann P, Dai 

G, Huang S, Goergen CJ, Nakano M, Otsuka F, Virmani R, Hoffmann U, Sosnovik DE 
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Classification of coronary atherosclerotic plaques ex vivo with T1, T2, and ultrashort 
echo time CMR 
JACC-CARDIOVASCULAR IMAGING 6:(4) pp. 466-474. (2013) 
Independent citations: 8 Dependent citations: 4 Total: 12  
IF: 6.986 

 
94. Schlett CL, Maurovich-Horvat P, Ferencik M, Alkadhi H, Stolzmann P, Scheffel H, 

Seifarth H, Nakano M, Do S, Vorpahl M, Kauczor HU, Bamberg F, Tearney GJ, 
Virmani R, Hoffmann U 
Histogram Analysis of Lipid-Core Plaques in Coronary Computed Tomographic 
Angiography: Ex Vivo Validation Against Histology 
INVESTIGATIVE RADIOLOGY 48:(9) pp. 646-653. (2013) 
Independent citations: 8 Dependent citations: 9 Total: 17  
IF: 4.453 

 
95. Schlett CL, Ferencik M, Celeng C, Maurovich-Horvat P, Scheffel H, Stolzmann P, Do 

S, Kauczor HU, Alkadhi H, Bamberg F, Hoffmann U 
How to assess non-calcified plaque in CT angiography: delineation methods affect 
diagnostic accuracy of low-attenuation plaque by CT for lipid-core plaque in histology. 
EUROPEAN HEART JOURNAL-CARDIOVASCULAR IMAGING 14:(11) pp. 
1099-1105. (2013) 
Independent citations: 6 Dependent citations: 5 Total: 11 
IF: 3.669 

 
96. Bagyura Zs, Szelid Zs, Soós P, Szenczi O, Maurovich-Horvat P, Édes E, Lux Á, 

Polgár L, Andrási Z, Tátrai A, Józan P, Merkely B 
Magyarországi primer prevenciós populációs felmérés: Budakalász Epidemiológiai 
Vizsgálat előzetes eredmények. 
ORVOSKÉPZÉS 87:(2) pp. 102-108. (2012) 

 
97. Ferencik M, Schlett CL, Ghoshhajra BB, Kriegel MF, Joshi SB, Maurovich-Horvat P, 

Rogers IS, Banerji D, Bamberg F, Truong QA, Brady TJ, Nagurney JT, Hoffmann U 
A Computed Tomography-Based Coronary Lesion Score to Predict Acute Coronary 
Syndrome Among Patients With Acute Chest Pain and Significant Coronary Stenosis 
on Coronary Computed Tomographic Angiogram. 
AMERICAN JOURNAL OF CARDIOLOGY 110:(2) pp. 183-189. (2012) 
Independent citations: 26 Dependent citations: 15 Total: 41 
IF: 3.209 

 
98. Genders TS, Steyerberg EW, Hunink MG, Nieman K, Galema TW, Mollet NR, de 

Feyter PJ, Krestin GP, Alkadhi H, Leschka S, Desbiolles L, Meijs MF, Cramer MJ, 
Knuuti J, Kajander S, Bogaert J, Goetschalckx K, Cademartiri F, Maffei E, Martini C, 
Seitun S, Aldrovandi A, Wildermuth S, Stinn B, Fornaro J, Feuchtner G, De Zordo T, 
Auer T, Plank F, Friedrich G, Pugliese F, Petersen SE, Davies LC, Schoepf UJ, Rowe 
GW, van Mieghem CA, van Driessche L, Sinitsyn V, Gopalan D, Nikolaou K, Bamberg 
F, Cury RC, Battle J, Maurovich-Horvat P, Bartykowszki A, Merkely B, Becker D, 
Hadamitzky M, Hausleiter J, Dewey M, Zimmermann E, Laule M Prediction model to 
estimate presence of coronary artery disease: retrospective pooled analysis of existing 
cohorts 
BRITISH MEDICAL JOURNAL (BMJ) 344:(7862) Paper e3485. 13 p. (2012) 
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Independent citations: 60 Dependent citations: 12 Total: 72 
IF: 17.215 

 
99. Ghoshhajra BB, Maurovich-Horvat P, Techasith T, Medina HM, Verdini D, Sidhu 

MS, Blankstein R, Brady TJ, Cury RC 
Infarct detection with a comprehensive cardiac CT protocol 
JOURNAL OF CARDIOVASCULAR COMPUTED TOMOGRAPHY 6:(1) pp. 
14-23. (2012) 
Independent citations: 8 Dependent citations: 2 Total: 10 
IF: 2.552 

 
100. Jensen JK, Medina H, Norgaard BL, Ovrehus KA, Jensen JM, Nielsen LH, Maurovich-

Horvat P, Engel LC, Januzzi JL, Hoffmann U, Truong QA 
Association of ischemic stroke to coronary artery disease using computed tomography 
coronary angiography 
INTERNATIONAL JOURNAL OF CARDIOLOGY 160:(3) pp. 171-174. (2012) 
Independent citations: 9 Total: 9 
IF: 5.509 

 
101. Mekkaoui C, Huang S, Chen HH, Dai G, Reese TG, Kostis WJ, Thiagalingam A, 

Maurovich-Horvat P, Ruskin JN, Hoffmann U, Jackowski MP, Sosnovik DE 
Fiber architecture in remodeled myocardium revealed with a quantitative diffusion 
CMR tractography framework and histological validation. 
JOURNAL OF CARDIOVASCULAR MAGNETIC RESONANCE 14: Paper 70. 
11 p. (2012) 
Independent citations: 29 Dependent citations: 6 Total: 35 
IF: 4.435 

 
102. Seifarth H, Schlett CL, Nakano M, Otsuka F, Károlyi M, Liew G, Maurovich-Horvat P, 

Alkadhi H, Virmani R, Hoffmann U  
Histopathological correlates of the napkin-ring sign plaque in coronary CT angiography 
ATHEROSCLEROSIS 224:(1) pp. 90-96. (2012) 
Independent citations: 28 Dependent citations: 8 Total: 36 
IF: 3.706 

 
103. Stolzmann P, Schlett CL, Maurovich-Horvat P, Maehara A, Ma S, Scheffel H, Engel 

LC, Karolyi M, Mintz GS, Hoffmann U 
Variability and accuracy of coronary CT angiography including use of iterative 
reconstruction algorithms for plaque burden assessment as compared with intravascular 
ultrasound-an ex vivo study. 
EUROPEAN RADIOLOGY 22:(10) pp. 2067-2075. (2012) 
Independent citations: 12 Dependent citations: 3 Total: 15 
IF: 3.548 

 
104. Ghoshhajra BB, Rogers IS, Maurovich-Horvat P, Techasith T, Verdini D, Sidhu MS, 

Drzezga NK, Medina HM, Blankstein R, Brady TJ, Cury RC 
A comparison of reconstruction and viewing parameters on image quality and accuracy 
of stress myocardial CT perfusion. 
JOURNAL OF CARDIOVASCULAR COMPUTED TOMOGRAPHY 5:(6) pp. 
459-466. (2011) 
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Independent citations: 7 Dependent citations: 3 Total: 10  
 
105. Maurovich-Horvat P, Kallianos K, Engel LC, Szymonifka J, Fox CS, Hoffmann U, 

Truong QA 
Influence of pericoronary adipose tissue on local coronary atherosclerosis as assessed 
by a novel MDCT volumetric method 
ATHEROSCLEROSIS 219:(1) pp. 151-157. (2011) 
Independent citations: 18 Dependent citations: 4 Total: 22 
IF: 3.794 

 
106. Donnelly P, Maurovich-Horvat P, Vorpahl M, Nakano M, Kaple RK, Warger W, 

Tanaka A, Tearney G, Virmani R, Hoffmann U 
Multimodality imaging atlas of coronary atherosclerosis. 
JACC-CARDIOVASCULAR IMAGING 3:(8) pp. 876-880. (2010) 
Independent citations: 6 Dependent citations: 3 Total: 9 
IF: 5.528 

 
107. Kárpáti K, Brodszky V, Boncz I, Merkely B, Maurovich-Horvat P, Gulácsi L 

Az első akut miokardiális infarktuson átesett, hospitalizált betegek halálozása 
Magyarországon 2003-2005 
EGÉSZSÉGÜGYI GAZDASÁGI SZEMLE 48:(1) pp. 6-10. (2010) 

 
108. Maurovich-Horvat P, Mori T, Kerecsen G, Fovenyi J, Sallai T, Soos P, Preda I, 

Merkely B, Jermendy G 
Assessment of coronary artery calcification using dual-source computed tomography in 
adult asymptomatic patients with type 1 diabetes mellitus. 
MEDICAL SCIENCE MONITOR 16:(7) pp. MT59-MT64. (2010) 
Independent citations: 2 Total: 2  
IF: 1.699 

 
109. Szelid Zs, Kerecsen G, Maurovich-Horvát P, Lux Á, Marosi E, Kovács A, Kiss RG, 

Préda I, Merkely B 
Determination of coronary in-stent restenosis using dual source computed tomography 
angiography 
INTERVENTIONAL MEDICINE AND APPLIED SCIENCE 2:(1) pp. 5-9. (2010) 
Independent citations: 1 Total: 1 

 
110. Truong QA, Yared K, Maurovich-Horvat P, Siegel E, Cubeddu RJ, King ME, Heist 

EK, Mansour M, Holmvang G 
Images in cardiovascular medicine. Double-chambered right ventricle and situs inversus 
with dextrocardia 
CIRCULATION 121:(9) pp. e229-e232. (2010)  
Independent citations: 2 Total: 2 
IF: 14.432 

 
111. Vago H, Toth A, Apor A, Maurovich-Horvat P, Toth M, Merkely B 

Cardiac contusion in a professional soccer player: visualization of acute and late 
pathological changes in the myocardium with magnetic resonance imaging 
CIRCULATION 121:(22) pp. 2456-2461. (2010) 
Independent citations: 17 Dependent citations: 2 Total: 19  
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IF: 14.432 
 
112. Becker D, Maurovich-Horvat P, Barczi G, Szabo G, Fulop G, Nagy A, Molnar L, Apor 

A, Belicza E, Merkely B 
Life after coronary stent thrombosis. 
MEDICAL SCIENCE MONITOR 15:(5) pp. CR236-CR241. (2009) 
Independent citations: 3 Total: 3  
IF: 1.543 

 
113. Maurovich-Horvat P, Kerecsen G, Móri TJ, Fövényi J, Sallai T, Soós P, Préda I, 

Merkely B, Jermendy Gy 
A coronariakalcifikáció vizsgálata kettős sugárforrású, sokszeletes 
komputertomográfiával 1-es típusú diabetes mellitusban szenvedők körében. 
LEGE ARTIS MEDICINAE 19:(8-9) pp. 501-507. (2009) 

 
114. Maurovich-Horvat P, Kerecsen G, Préda I, Merkely B, Jermendy Gy 

Nem-invazív koronarográfia és "Ca-scoring"-vizsgálat 2-es típusú cukorbetegségben 
DIABETOLOGIA HUNGARICA 16:(2) pp. 165-167. (2008)  

 
115. Abbara S, Pena AJ, Maurovich-Horvat P, Butler J, Sosnovik DE, Lembcke A, Cury 

RC, Hoffmann U, Ferencik M, Brady TJ 
Feasibility and optimization of aortic valve planimetry with MDCT 
AMERICAN JOURNAL OF ROENTGENOLOGY 188:(2) pp. 356-360. (2007) 
Independent citations: 32 Dependent citations: 5 Total: 37  
IF: 2.470 

 
116. Fox CS, Massaro JM, Hoffmann U, Pou KM, Maurovich-Horvat P, Liu CY, Vasan 

RS, Murabito JM, Meigs JB, Cupples LA, D Agostino RB Sr, O Donnell CJ 
Abdominal visceral and subcutaneous adipose tissue compartments: association with 
metabolic risk factors in the Framingham Heart Study 
CIRCULATION 116:(1) pp. 39-48. (2007) 
Independent citations: 1174 Dependent citations: 91 Total: 1265  
IF: 12.755 

 
117. Pou KM, Massaro JM, Hoffmann U, Vasan RS, Maurovich-Horvat P, Larson MG, 

Keaney JF Jr, Meigs JB, Lipinska I, Kathiresan S, Murabito JM, O Donnell CJ, 
Benjamin EJ, Fox CS 
Visceral and subcutaneous adipose tissue volumes are cross-sectionally related to 
markers of inflammation and oxidative stress: the Framingham Heart Study 
CIRCULATION 116:(11) pp. 1234-1241. (2007)  
Independent citations: 462 Dependent citations: 27 Total: 489 
IF:12.755 

 
118. Gulácsi L, Májer I, Boncz I, Brodszky V, Merkely B, Maurovich-Horvat P, Kárpáti K 

Az akut myocardiális infarctus betegségterhe Magyarországon, 2003-2005 
ORVOSI HETILAP 148:(27) pp. 1259-1266. (2007) 
Independent citations: 4 Dependent citations: 2 Total: 6  

 
119. Kerecsen G, Maurovich-Horvat P, Kiss RG, Préda I 

A szív koszorúereinek non-invazív ábrázolása multidetektoros CT-vel. 
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PRAXIS 16:(9) pp. 693-699. (2007) 
 
120. Maurovich-Horvat P, Massaro J, Fox CS, Moselewski F, O Donnell CJ, Hoffmann U 

Comparison of anthropometric, area- and volume-based assessment of abdominal 
subcutaneous and visceral adipose tissue volumes using multi-detector computed 
tomography 
INTERNATIONAL JOURNAL OF OBESITY 31:(3) pp. 500-506. (2007) 
Independent citations: 92 Dependent citations: 69 Total: 161 
IF: 3.560 

 
121. Maurovich-Horvat P, Schauerte P, Soós P, Zima E, Acsády Gy, Merkely B 

Nem-gyógyszeres kamrai frekvenciakontroll pitvarfibrilláció alatt: a pitvar-kamrai 
(AV) csomóra ható paraszimpatikus plexus ingerlése 
CARDIOLOGIA HUNGARICA 35:(4) pp. 210-217. (2005) 

 
122. Soos P, Merkely B, Maurovich-Horvat P, Zima E, Schauerte P 

Determinants and effects of electrical stimulation of the inferior interatrial 
parasympathetic plexus during atrial fibrillation 
JOURNAL OF CARDIOVASCULAR ELECTROPHYSIOLOGY 16:(12) pp. 
1362-1367. (2005) 
Independent citations: 7 Dependent citations: 6 Total: 13 
IF: 3.285 

 
9.6 Review articles 
 
 
123. Préda I, Kerecsen G, Maurovich-Horvat P 

Nem invazív coronaria-angiográfia sokszeletes komputertomográfiával 
LEGE ARTIS MEDICINAE 17:(8-9) pp. 555-563. (2007) 
Dependent citations: 5 Total: 5 

 
124. Maurovich-Horvat P, Kerecsen G, Kiss RG, Merkely B, Préda I 

A szív koszorúereinek non-invazív ábrázolása dual-source CT-vel. 
PRAXIS: A MINŐSÉGI GYÓGYÍTÁS ELMÉLETE ÉS GYAKORLATA 17:(6) 
pp. 409-415. (2008) 

 
125. Préda I, Balogh I, Édes I, Forster T, Kerecsen G, Kiss RG, Maurovich-Horvat P, 

Merkely B, Simor T, Thury A 
Irányelvek a szív sokszeletes CT-vizsgálatának szakmai feltételrendszeréhez. 
CARDIOLOGIA HUNGARICA 38:(4) pp. 368-375. (2008) 

 
126. Maurovich-Horvat P, Kerecsen G, Préda I, Kiss RG, Kovács A, Merkely B 

A coronaria-CT technikai háttere és klinikai alkalmazása 
ORVOSKÉPZÉS 84:(2) pp. 107-113. (2009) 
Dependent citations: 3 Total: 3  

 
127. Préda I, Maurovich-Horvat P, Kerecsen G, Kiss RG, Kovács A, Merkely B 

A sokszeletes CT jelentősége a kardiovaszkuláris prevencióban. 
KARDIOVASZKULÁRIS PREVENCIÓ ÉS REHABILITÁCIÓ 2:(3) pp. 5-8. 
(2009) 
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128. Maurovich-Horvat P, Ferencik M, Bamberg F, Hoffmann U 

Methods of plaque quantification and characterization by cardiac computed tomography 
JOURNAL OF CARDIOVASCULAR COMPUTED TOMOGRAPHY 3:(Suppl 2) 
pp. S91- S98. (2009) 
Independent citations: 4 Dependent citations: 2 Total: 6 

 
129. Bárczi Gy, Maurovich-Horvat P, Merkely B 

Fókuszban a vulnerábilis plakk - a jelen és a közeljövő. 
METABOLIZMUS 8:(3) pp. 143-146. (2010) 

 
130. Maurovich-Horvat P, Ghoshhajra B, Ferencik M 

Coronary CT Angiography for the Detection of Obstructive Coronary Artery Disease  
CURRENT CARDIOVASCULAR IMAGING REPORTS 3:(6) pp. 355-365. (2010) 
Dependent citations: 1 Total: 1 

 
131. Stolzmann P, Subramanian S, Abdelbaky A, Maurovich-Horvat P, Scheffel H, 

Tawakol A, Hoffmann U 
Complementary Value of Cardiac FDG PET and CT for the Characterization of 
Atherosclerotic Disease 
RADIOGRAPHICS 31:(5) pp. 1255-1269. (2011) 
Independent citations: 9 Dependent citations: 3 Total: 12  
IF: 2.854 

 
132. Bartykowszki A, Maurovich-Horvat P 

A szív-CT vizsgálat és indikációja. 
MAGYAR CSALÁDORVOSOK LAPJA 2012:(1) pp. 47-51. (2012) 

 
133. Bartykowszki A, Celeng C, Károlyi M, Maurovich-Horvat P 

High Risk Plaque Features on Coronary CT Angiography 
CURRENT CARDIOVASCULAR IMAGING REPORTS 7:(8) p. Article Number: 
9279. 12 p. (2014) 
Independent citations: 1 Total: 1  

 
134. Maurovich-Horvat P, Bartykowszki A, Kerecsen G, Thury A, Károlyi M, Balázs G, 

Várady E, Tóth L, Pintér N, Szukits S, Kolozsvári R, Hoffer K, Király I, Nagy L, Hüttl 
K, Préda I, Palkó A, Kiss RG, Battyány I, Merkely B 
A coronariák CT-angiográfiás vizsgálatának leletezése. 
MAGYAR RADIOLÓGIA ONLINE 4:(11) Paper a_coronariak.html. 11 p. (2013)  

 
135. Nagy E, Maurovich-Horvat P, Jermendy ÁL, Merkely B, Jermendy Gy 

Az epicardialis zsírszövet klinikai jelentősége 
DIABETOLOGIA HUNGARICA 22:(4) pp. 225-234. (2014) 

 
136. Júlia Karády, Zsófia D Drobni, Márton Kolossváry, Pál Maurovich-Horvat 

 Non-invasive Assessment of Coronary Plaque Morphology 
CURRENT RADIOLOGY REPORTS 3: Paper 36. 10 p. (2015) 

 
137. Celeng C, Takx RA, Ferencik M, Maurovich-Horvat P  

Non-invasive and invasive imaging of vulnerable coronary plaque  
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TRENDS IN CARDIOVASCULAR MEDICINE 26:(6) pp. 538-547. (2016) 
IF: 4.964 
Independent citations: 8 Dependent citations: 1 Total: 9 

 
138. Benedek T, Maurovich-Horvat P, Ferdinandy P, Merkely B 

The Use of Biomarkers for the Early Detection of Vulnerable Atherosclerotic Plaques 
and Vulnerable Patients. A Review 
JOURNAL OF CARDIOVASCULAR EMERGENCIES 2:(3) pp. 106-113. (2016) 
Independent citations: 1 Dependent citations: 1 Total: 2 

 
139. Karády Júlia, Whitaker John, Rajani Ronak, Maurovich-Horvat Pál 

State-of-the-Art CT Imaging of the Left Atrium 
CURRENT RADIOLOGY REPORTS 4:(8) Paper 45. 11 p. (2016) 

 
140. Szilveszter B, Celeng C, Maurovich-Horvat P 

Plaque assessment by coronary CT 
INTERNATIONAL JOURNAL OF CARDIOVASCULAR IMAGING 32:(1) pp. 
161-172. (2016)  
IF: 1.896 
Independent citations: 10 Dependent citations: 2 Total: 12  

 
141. Willemink MJ, Leiner T, Maurovich-Horvat P  

Cardiac CT Imaging of Plaque Vulnerability: Hype or Hope?  
CURRENT CARDIOLOGY REPORTS 18:(4) Paper 37. 10 p. (2016) 
IF: 2.058  

 
142. Edvardsen T, Donal E, Bucciarelli-Ducci C, Maurovich-Horvat P, Maurer G, Popescu 

BA 
The years 2015-2016 in the European Heart Journal-Cardiovascular Imaging. Part I 
EUROPEAN HEART JOURNAL-CARDIOVASCULAR IMAGING 18:(10) pp. 
1092-1098.(2017) 
Dependent citations: 1 Total: 1 
IF: 8.336 

 
143. Edvardsen T, Gerber B, Donal E, Maurovich-Horvat P, Maurer G, Popescu BA 

The year 2015-16 in the European Heart Journal-Cardiovascular Imaging. Part II 
EUROPEAN HEART JOURNAL-CARDIOVASCULAR IMAGING 18:(12) pp. 
1322-1330. (2017)  
IF: 8.336 

 
144. Edvardsen T, Haugaa KH, Gerber BL, Maurovich-Horvat P, Donal E, Maurer G, 

Popescu BA 
The year 2017 in the European Heart Journal-Cardiovascular Imaging: Part II. 
EUROPEAN HEART JOURNAL-CARDIOVASCULAR IMAGING 
10.1093/ehjci/jey110. 8 p. (2018)  
IF: 8.336 
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EUROPEAN HEART JOURNAL-CARDIOVASCULAR IMAGING 19:(10) pp. 
1099-1106. (2018) 
IF: 8.336 

 
9.7 Editorials, case reports, short communications, position papers 
 
146. Becker D, Maurovich-Horvat P, Merkely B 

Coronary plaque rupture triggered by electrical cardioversion 
INTERVENTIONAL MEDICINE AND APPLIED SCIENCE 4:(2) p. 186. (2010) 
Independent citations: 1 Total: 1 

 
147. Maurovich-Horvat P 

Coronaria CT angiográfia és iszkémia provokációs tesztek költséghatékonysága a 
koszorúér-betegség diagnosztikájában. 
MOTESZ MAGAZIN 19:(3-4) pp. 24-25. (2011) 

 
148. Becker D, Maurovich-Horvat P, Jambrik Z, Barczi G, Merkely B 

Metallic taste after coronary artery stent implantation. 
INTERNATIONAL JOURNAL OF CARDIOLOGY 158:(2) pp. e30-e31. (2012) 
Independent citations: 1 Total: 1 

 
149. Maurovich-Horvat P, Schlett CL, Hoffmann U 

Response 
RADIOLOGY 268:(1) pp. 304-305. (2013) 

 
150. Drobni ZsD, Károlyi M, Heltai K, Simon A, Merkely B, Maurovich-Horvat P 

Wellens' Syndrome Depicted by Coronary CT Angiography 
JOURNAL OF CARDIOVASCULAR EMERGENCIES 2:(4) pp. 185-187. (2016) 

 
151. Janjua SA,  Pursnani A, Mayrhofer T, Puchner SB, Liu T, Lu MT, Maurovich-Horvat 

P, Woodard PK, Chou E, Fleg JL, Truong QA, Ferencik M, Hoffmann U 
Statin Use Is Associated With Fewer High-Risk Plaques on Coronary CT Angiography 
JACC-CARDIOVASCULAR IMAGING 10:(2) pp. 208-210. (2017) 

 
152. Papp S, Édes IF, Merkely B, Maurovich Horvat P, Károlyi M 

Symptomatic Coronary-Pulmonary Fistula Revealed with Coronary CT Angiography 
JOURNAL OF CARDIOVASCULAR EMERGENCIES 3:(2) pp. 89-92. (2017) 

 
153. Karady J, Maurovich-Horvat P 

The Closer We Get, The Further Apart We Become 
JOURNAL OF CARDIOVASCULAR EMERGENCIES 3:(3) pp. 111-112. (2017) 

 
154. Pontone G, Moharem-Elgamal S, Maurovich-Horvat P, Gaemperli O, Pugliese F, 

Westwood M, Stefanidis A, Fox KF, Popescu BA 
Training in cardiac computed tomography: EACVI certification process. 
EUROPEAN HEART JOURNAL-CARDIOVASCULAR IMAGING 19:(2) pp. 
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9.8 Scientometric data 

 

Total impact factors: 488.411 

The impact factor of first and last author publications: 183.28 

Total number of citations: 3100  

Independent citations: 2601 

Hirsch index: 19 

The impact factor of publications part of the current thesis: 103.184 

  First and last author publications: 76.738 

The total and independent citation numbers of publications part of the current thesis: 668 / 497 
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