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LIST OF ABBREVIATIONS 

ASCVD: Atherosclerotic cardiovascular disease 

BMI:   Body mass index 

CAD:   Coronary artery disease 

CAD-RADS:  Coronary artery disease - reporting and data system 
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CP:   Calcified plaque 

CT:   Computed tomography 

CTA:   Computed tomography angiography 
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CVD:   Cardiovascular disease 

DPCT:  Dynamic perfusion computed tomography 

ECG:   Electrocardiogram 

EID:  Energy-integrating detector 

HU:   Hounsfield unit 

HRP:   High-risk plaque 

ICA:   Invasive coronary angiography 

MACE: Major adverse cardiovascular events 

MI:  Myocardial infarction 

NCP:   Non-calcified plaque 

LAD:   Left anterior descending 

LAP:  Low-attenuation non-calcified plaque 

LCX:   Left circumflex 

LM:  Left main 

LV:  Left ventricle 

PCI:  Percutaneous coronary intervention 

PCCT:  Photon-counting computer tomography 

RCA:   Right coronary artery 

ROI:   Region of interest 

RV:  Right ventricle 
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SCCT:  Society of Cardiovascular Computed Tomography 

SD:   Standard deviation 

SIS:   Segment involvement score 

SPECT: Single-photon emission computed tomography 

SSS:   Segment stenosis score 

TPV:  Total plaque volume 

VMI:   Virtual monoenergetic image  
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1. INTRODUCTION         

Cardiovascular diseases are consistently one of the leading causes of mortality globally, 

including coronary artery disease (CAD), heart failure, stroke, hypertension, and other 

cardiovascular disorders (1, 2). As a major global health concern, it is responsible for a 

significant proportion of deaths in both developed and developing countries. Also, CAD 

imposes a substantial economic burden on healthcare systems worldwide, driving up 

treatment costs, hospital admissions, and long-term care expenditures. Over the past 15 

years, there has been a significant reduction in deaths from acute myocardial infarction 

and cerebrovascular diseases in Hungary. However, mortality due to other ischemic heart 

diseases has not improved; in fact, it has doubled. This further draws our attention to the 

importance of preventive cardiology and the crucial role of imaging modalities in the 

diagnosis and management of ischemic heart disease (3-5).  

Several risk factors contribute to the development of cardiovascular diseases, including 

hypertension, hyperlipidemia, serum cholesterol levels, ethnicity, smoking, obesity, 

diabetes, lack of physical activity and family history of CAD (6, 7). These risk factors 

were incorporated into cardiovascular risk scores such as the Framingham Risk Score, 

the SCORE2/SCORE2-OP (Systematic COronary Risk Evaluation - Older Persons) 

score, ASSIGN score, Reynold risk score, QRISK score or the atherosclerotic 

cardiovascular disease (ASCVD) score (8) and these were designed to estimate the 10-

year risk of cardiovascular events. Despite substantial efforts, CAD remains the primary 

cause of mortality among cardiovascular diseases that is responsible for approximately 1 

in 4 deaths in the United States of America (9). Addressing this challenge requires a 

comprehensive approach that includes prevention, early detection by healthcare screening 

programs, equitable healthcare access, and ongoing research into more effective 

treatments and interventions (10, 11). Risk prediction models are based on retrospective 

population-level data, which may not fully reflect the current prevalence of diseases and 

risk factors due to ongoing changes in public health trends, such as reduced smoking and 

cholesterol levels but increasing obesity and diabetes rates that drives current research 

(e.g. use of GLP-1 Receptor Agonists and SGLT-2-inhibitors) (12). Cardiovascular risk 

is not a static parameter but rather exists on a continuous spectrum that dynamically 

evolves over time, making accurate risk assessment challenging. As a result, these models 

require continuous calibration to ensure they accurately identify individuals at risk, as 



7 

 

traditional scores may fail to pinpoint high-risk patients who would benefit from further 

testing and preventive treatment (13). 

Moreover, CAD is a chronic process characterized by dynamic morphological changes 

over time, including size and composition. Significant portion of patients remain 

asymptomatic throughout the development of the disease, with initial manifestation as 

acute coronary syndrome (ACS) or sudden cardiac death (14). This underlines the 

importance of early recognition of CAD, where noninvasive imaging has an increasingly 

central role. The forthcoming studies (e.g. The DANE-HEART Trial - Computed 

Tomography Coronary Angiography for Primary Prevention or SCOT-HEART 2) will 

explore asymptomatic patients to delineate subclinical CAD and establish treatment 

thresholds for pharmacotherapy (12). Notably, a more personalized risk assessment has 

been proposed recently to prevent ASCVD events involving CAD phenotypes obtained 

by computed tomography (CT) imaging (15).  

Currently, invasive coronary angiography (ICA) is the gold standard diagnostic tool for 

CAD (16). However, due to its invasive nature and associated periprocedural 

complication risks, other non-invasive imaging modalities have come to the forefront, 

capable of detecting CAD and/or consistent ischemia (17). CT, through developments in 

recent decades, has become capable of imaging rapidly moving coronary arteries with 

sub-millimeter spatial resolution (18-21). Therefore, non-invasive imaging modalities 

such as coronary CT angiography (CTA), suitable for examining the coronaries are 

gaining greater importance in the examination of CAD and therapy monitoring including 

changes in plaque composition and volume (18) (Figure 1). 
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Figure 1. Assessment of CAD using coronary CTA.  

CTA enables comprehensive evaluation of CAD through advanced techniques: (A) 

Quantification of total coronary atherosclerotic plaque burden; (B) CT perfusion 

imaging, which combines anatomical visualization with functional assessment of 

myocardial perfusion and identifies ischemic/necrotic myocardium; (C) CT-derived 

fractional flow reserve to estimate lesion-specific ischemia; (D) CT-based myocardial 

strain analysis to assess regional myocardial deformation and function. (Own material, 

credit: K. Polgár Anna Róza.) 

CAD: coronary artery disease, CTA: computed tomography angiography 
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Coronary CTA has emerged as class I diagnostic test, serving as the first-line test to assess 

patients with symptoms of chronic coronary syndrome (CCS) in the latest European and 

American guidelines (22, 23). With a high negative predictive value in diagnosing 

obstructive CAD compared to ICA, its primary indication is to exclude anatomically and 

also functionally relevant CAD across patients with a broad spectrum of pre-test 

probability (24). From merely being a tool to exclude coronary obstruction, technical 

advancements - such as increased spatial resolution and temporal resolution - have 

transformed CT into a powerful tool for cardiovascular prevention in the last 8 to 10 years. 

Coronary CTA offers reliable evaluation of the severity, extent and vulnerability of CAD 

enabling further risk stratification and guiding treatment decision (e.g. bypass surgery 

planning, CT guided coronary intervention) (25, 26). Coronary CTA can detect 

significantly larger number of atherosclerotic lesions as compared with ICA and enables 

compositional analysis of the total coronary plaque burden (27). This has revolutionized 

prevention efforts and guides secondary prevention therapies (28-31). Approximately half 

of the plaque ruptures leading to severe cardiovascular events occur in lesions causing 

less than 50% luminal stenosis (32). CT has been increasingly used to assess plaque 

progression, and in recent years, it has also been applied to monitor and tailor the effects 

of medical therapies. The progression of CAD may serve as a prognostic indicator for 

adverse cardiac events, regardless of the severity of stenosis identified by CTA (31). 

However, various clinical definitions and metrics have been proposed to identify coronary 

plaque progression, leading to a lack of consensus in the field. Moreover, data are scarce 

regarding the clinical predictors of CAD progression using different definitions of plaque 

progression as assessed by CTA (26). Current thesis aims to assess whether different 

clinical definitions of CAD affect which patients are considered to progress and which 

risk factors affect progression.  

Traditionally, the assessment of luminal stenosis is pivotal in the management of CAD 

(33). However, emerging data suggests that total coronary plaque burden is the strongest 

predictor of events independently from stenosis severity and therefore should be 

considered as a therapeutic target for personalized prevention (34). This challenges the 

current concept which prioritizes therapy based on the presence of luminal stenosis or 

myocardial ischemia. Integrating CTA based quantitative plaque analysis to identify 

adverse plaque characteristics and total plaque burden could refine patient management 
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strategies (27). Total coronary plaque volume may also be associated with myocardial 

ischemia; however, data on this relationship remain limited, and anatomical coregistration 

of a given plaque to a specific myocardial territory is challenging. 

Recent guidelines emphasize the combined use of anatomical and functional evaluation 

of CAD in patients with CCS and intermedier stenoses to optimize post-test probability 

and improve clinical decision-making (22). CTA could serve as a one-stop solution for 

detecting both ischemia and anatomical stenosis (Figure 2). Nonetheless, the correlation 

between stenosis severity, coronary plaque volume and corresponding myocardial 

ischemia remains a subject of ongoing debate (35). 

Despite its advantages, coronary CTA has limitations, particularly in its specificity and 

positive predictive value, often overestimating stenosis severity, especially in cases of 

moderate to severe luminal narrowing, multi-vessel disease and extensive calcification 

(35). To address these shortcomings, CT perfusion (CTP) imaging has emerged as a 

robust complement to traditional anatomical assessment with CTA by verifying 

functional relevance of CAD based on alterations in the myocardium (20, 36, 37). Unlike 

Figure 2. Combined anatomical and functional assessment of CAD by CTA.  

Severe stenosis of the LAD was detected on the rest coronary CTA images with 

corresponding perfusion deficit in the anterior and lateral wall of the left ventricle on 

stress CT perfusion imaging. (Own material.)  

CAD: coronary artery disease; CTA: computed tomography angiography; CTP: 

computed tomography perfusion; LAD: left anterior descending; LV: left ventricle; RV: 

right ventricle 
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other imaging techniques, CTA is uniquely versatile, capable of simultaneously 

evaluating plaque characteristics and myocardial ischemia. CTP imaging not only 

enhances diagnostic accuracy especially in patients at higher risk of CAD or 

microvascular disease but could also detect residual ischemia following percutaneous 

coronary intervention (PCI). Dynamic myocardial perfusion CT (DPCT) versus static 

CTP can quantitatively assess myocardial perfusion under pharmacological stress that is 

associated with higher reproducibility of findings and better diagnostic performance for 

detecting ischemia as compared with invasive fractional flow reverse (FFR) or single-

photon emission computed tomography (SPECT) (20). This methodology also provided 

us with segmental myocardial analysis and facilitated the assessment of plaque and 

ischemia. 

Previous observational studies have investigated the relationship between coronary 

plaque burden and global myocardial ischemia using qualitative or visual assessments 

with modalities like static CTP, stress echocardiography, or SPECT. However, 

uncertainties persist regarding whether stenosis severity, adverse plaque features, or 

overall coronary plaque burden reliably predict ischemia. Additionally, it remains unclear 

whether quantitative plaque characterization can effectively predict segmental ischemia 

as evaluated by quantitative DPCT imaging. Therefore, our second aim is to assess 

whether quantitative plaque characterization can effectively predict segmental ischemia, 

as evaluated by quantitative DPCT imaging using combined rest and stress CT imaging.  

Developments in CT technology have resulted in significant advancements in the imaging 

of the heart (38). A significant leap was the introduction of photon-counting detector 

technology in 2021, which holds the potential to improve image quality while reducing 

radiation dose. As the use of coronary CTA expands, concerns about radiation exposure 

have become more prominent. Implementing new dose-reducing strategies such as 

prospective-ECG triggering and iterative image reconstruction algorithms not only 

enhance image quality but also facilitate accurate diagnosis and the identification of high-

risk plaque (HRP) features, all while lowering radiation dose (39-41). Dual-source CT 

technology has led to reduced motion artifacts by improved temporal resolution and 

reduced acquisition times, enabling good image quality even at higher heart rate (42). 

Photon-counting CT (PCCT) represents an innovative technology for coronary artery 

assessment, offering superior spatial and temporal resolution compared to conventional 
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energy-integrating detector (EID) scanners (38). Unlike traditional detectors, photon-

counting detectors directly capture the energy of each photon, leading to improved spatial 

resolution, reduced noise, and enhanced soft tissue contrast. Moreover, PCCT technology 

enables the creation of virtual monoenergetic images (VMI), which can mitigate 

blooming artifacts and enhance the contrast-to-noise ratio (CNR) in coronary CTA (40). 

Therefore, employing different VMI reconstructions has the potential to enhance 

coronary plaque detection by modifying intraluminal contrast attenuation and CNR 

(Figure 3). However, it is important to acknowledge that VMIs may alter the Hounsfield 

unit (HU) values of voxels related to the plaque, which could potentially influence 

estimates of plaque volume during quantitative plaque assessment. Thus, current thesis 

also aims to assess how different VMI levels affect quantitative plaque components using 

novel PCCT system. 

Figure 3. Representative image of different VMI energy levels using PCCT. 

Coronary CTA images reconstructed at different keV levels (40, 50, 70 and 120 keV) 

are depicted. Using higher energy levels decrease blooming blooming artifacts caused 

by heavy calcification in the LAD. (Own material.) 

CTA: computed tomography angiography; LAD: left anterior descending; PCCT: 

photon-counting computed tomography; VMI: virtual monoenergetic image 
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1.1 Anatomical assessment of coronary artery disease using CT 

angiography 

Assessing symptomatic patients suspected of CCS poses a fundamental task in clinical 

practice. The advent of anatomical evaluation through coronary CTA offers a reliable and 

precise diagnostic approach for CAD (43, 44). The spatial resolution of current 

multidetector EID CT reaches 400 μm, allowing for the examination of coronary 

segments ranging from 2 to 5 mm. Using modern model based iterative reconstruction 

techniques, CT images can be analyzed in excellent quality, enabling the precise detection 

of coronary plaques and adjacent structures. Importantly, coronary CTA demonstrated 

excellent intra- and inter-observer reproducibility in the detection of luminal stenosis or 

plaque volumes (45, 46). In addition to the volumetric plaque analysis, CTA allows 

accurate assessment composition of atherosclerotic plaques including HRP features. The 

coronary artery system is analyzed based on the 18-segment model established by the 

American Heart Association (AHA) and the Society of Cardiovascular Computed 

Tomography (SCCT) (Figure 4) (47). The main aspects of analyzing coronary 

atherosclerosis based on CTA are described below. 

1.1.1 Stenosis assessment 

The determination of luminal stenosis follows the guidelines of the SCCT. Stenosis 

severity can thus be classified into five categories based on the degree of luminal stenosis: 

< 25% as minimal, 25% - 49% as mild, 50% - 69% as moderate, 70% - 99% as severe 

and 100% as occluded (Figure 5). Additional semi-quantitative methods are available for 

assessing the severity of the disease. When calculating the segment stenosis score (SSS), 

a score of 0 - 5 is assigned based on the degree of stenosis observed in the segment. 

According to the stenosis classification described above, the scores are as follows: no 

stenosis - 0, minimal - 1, mild - 2, moderate - 3, severe - 4, occluded - 5. Eventually the 

points are summed up characterizing the severity of CAD. Using quantitative coronary 

angiography as the reference standard, latest scanner technology demonstrated a vessel-
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level diagnostic accuracy of 97.2% for detecting more than 50% diameter stenosis using 

CTA (48).  

 

 

Figure 4. Coronary artery segments evaluated by CTA. 

The 18-segment American Heart Association (AHA) segmentation scheme is 

recommended for defining segmental involvement by CAD using CTA. By utilizing this 

scheme, we can compare findings with invasive angiography without anatomical 

mismatch and assign the Segment Involvement Score (SIS) to describe the extent of CAD. 

(Own material.) 

CAD: coronary artery disease; CTA: coronary computed tomography angiography 
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Figure 5. Coronary stenosis grading using CTA. 

In clinical routine, stenosis is categorized according to the above classifications, which 

serve as the basis for formulating patient management recommendations. (Own material.) 

CTA: computed tomography angiography 

 

1.1.2 Extent of coronary atherosclerosis 

Coronary artery calcium score (CACS) calculated based on the Agatston method using 

non-enhanced CT images is a surrogate of total coronary plaque burden. The calculation 

of CACS can be used for cardiovascular risk prediction in asymptomatic patients. The 

risk of future major adverse cardiovascular events (MACE) is increasing with higher 

scores and based on total CACS, four risk levels are defined: 0; 1 - 99; 100 - 399 and  

400 (Figure 6) (49). A score of 0 represents an extremely low risk in asymptomatic 

individuals, while score of  1000 indicates 12 times higher risk (50). Utilizing CACS in 

asymptomatic patients improves risk estimation in individuals at intermediate risk and 

increase statin eligibility, as shown by the MESA (Multi-Ethnic Study of Atherosclerosis) 

trial (51). Importantly, statin therapy for prevention in patients without detectable 

coronary calcification does not seem to improve clinical outcomes (52). The SCCT 

consensus statement proposed a CACS threshold of 100 for initiating statin therapy in 

patients with 5-20% ASCVD risk. The "Power of Zero" concept highlights that a CACS 

of zero is one of the strongest protective factors against cardiovascular events (53, 54). 

Statin therapy can increase CACS due to the conversion of non-calcified plaques into 

more stable, calcified plaques. This process does not necessarily indicate worsening 
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disease but rather a change in plaque composition (55). Therefore, CACS is not 

recommended as a biomarker to monitor the effects of statin therapy. 

 

 

Figure 6. Coronary calcium score based on non-contrast CT images.  

Current image depicts a representative case of diffuse calcification on non-contrast CT 

images, and the associated risk categories based on CACS. (Own material.) 

CACS: coronary artery calcium score; CT: computed tomography 

 

Analyzing coronary plaques on contrast-enhanced CT images allows for the 

determination of a semi-quantitative score proposed by Min et al. known as the segment 

involvement score (SIS). SIS is a measure of the extent of coronary atherosclerosis and 

can be calculated by summing up the number of coronary segments with atherosclerotic 

plaque. SIS is increasingly used in both the research and clinical settings and was found 

predictive for MACE in both obstructive and non-obstructive CAD (56, 57). 

 



17 

 

1.1.3 Plaque composition 

Different tissues are characterized by their attenuation on CT scans that can be quantified 

using HU values, allowing for their identification, differentiation and even precise 

quantification of a given structure. In terms of composition, three main plaque types can 

be distinguished based on CTA: calcified plaques (CP), partially calcified plaques and 

non-calcified plaques (NCP). Recent guidelines also distinguish partially calcified 

plaques based on the amount of calcification into predominantly calcified (≥75% calcified 

component) and predominantly non-calcified (≥75% non-calcified component) plaques. 

Within non-calcified lesions, homogeneous and heterogeneous plaques can be 

differentiated based on attenuation, with further categorization including napkin-ring sign 

plaque, which will be discussed in more detail later (58). NCPs are characterized by lower 

density, while CPs are characterized by higher density values (>350 HU) (27). Analyzing 

composition provides important information about plaque calcium content, calcium 

density and allows for the differentiation of plaques containing fatty and fibrotic 

elements. 

During morphological assessment of coronary plaques, certain HRP features can be 

determined by qualitative or semiquantitative characteristics that demonstrated 

prognostic value in prior studies (59). Traditional HRP features detected by CTA are the 

following: low-attenuation, positive remodeling, spotty calcification and napkin-ring sign 

(Table 1; Figure 7).  

a. Low-attenuation plaque 

Plaques rich in lipid present as low-density areas on CT images supported by data 

comparing coronary CTA and intravascular ultrasound (IVUS) that characterized lipid-

rich plaques with low CT density (18). Culprit lesions tend to have larger lipid-rich core 

than non-culprit lesions of ACS (60). Therefore, it is important to distinguish high-risk, 

prone to rupture, lipid-rich lesions for predicting ACS. Motoyama et al. reported that low-

attenuation plaques (LAP) of < 30 HU were significantly more prevalent in patients 

presenting with ACS (79% vs. 9%, p < 0.001) (61). Similarly, further studies have also 

reported attenuation value < 30 HU as a threshold for identifying lipid-rich plaques and 

found a higher proportion of LAP in patients presenting with ACS compared to those 

with stable angina (88% vs. 18%, p < 0.001) (62). 
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Table 1. Key CT trials on high-risk coronary plaque features and outcomes. 

Trial Year Study 

population 

High-risk 

plaque 

features 

Primary 

outcomes 

Key findings 

SCOT-

HEART 

2019 1,778 stable 

chest pain 

patients  

positive 

remodeling, 

low-

attenuation 

plaque, spotty 

calcification, 

napkin ring 

sign 

coronary 

heart 

disease 

death or 

nonfatal 

MI 

Identification of 

HRP features on 

CTA was 

associated with a 

higher rate of 

events. 

PROMISE 2018 4,415 stable 

chest pain 

patients  

positive 

remodeling, 

low-

attenuation 

plaque, 

napkin-ring 

sign 

MACE 

(death, MI, 

or unstable 

angina 

pectoris) 

Presence of HRP 

features carried a 

70% increased 

risk of future 

MACE over a 

median follow-up 

of 25 months. 

ROMICAT-

II 

2014 472 acute 

chest pain 

patients 

with 

suspected 

ACS 

positive 

remodeling, 

low-

attenuation 

plaque, spotty 

calcification, 

napkin ring 

sign 

ACS 

(acute MI 

or unstable 

angina 

pectoris)  

HRP was 

associated with 

ACS 

independently 

and 

incrementally to 

the presence of 

significant CAD 

and clinical risk 

assessment. 

Motoyama 

et al. 

2015 449 stable 

patients 

with known 

or suspected 

CAD 

positive 

remodeling 

and/or low-

density plaque 

ACS HRP was an 

independent 

predictor of ACS. 

ACS: acute coronary syndrome; CAD: coronary artery disease; CTA: coronary 

computed tomography angiography; HRP: high-risk plaque; MACE: major adverse 

cardiovascular events; MI: myocardial infarction 

  

b. Positive remodeling 

Atherosclerotic plaques often grow outward to the coronary lumen without causing 

relevant stenosis. This phenomenon is known as positive remodeling, which can be 

characterized by the remodeling index (RI). The calculation of the RI is as follows: the 

largest luminal diameter containing the coronary plaque is divided by the average of the 



19 

 

proximal and distal luminal diameters from the lesion (60). A coronary plaque is 

considered to have positive remodeling if the RI is ≥ 1.1. Studies have shown that lesions 

characterized by positive remodeling have a larger lipid core and contain more 

macrophages. Furthermore, validation of its vulnerability is evident in studies comparing 

lesions causing ACS and stable angina, where positive remodeling was more common in 

plaques causing ACS (61). 

c. Spotty calcification 

Spotty calcification in coronary CTA is defined as a small, dense (> 130 HU) lesion 

surrounded by NCP components. By definition, the size of spotty calcification is less than 

3 mm, but further classifications distinguish between small (< 1 mm), medium (1 - 3 mm), 

and large (> 3 mm) calcifications. The extent of calcification detected by CT correlates 

with the overall plaque burden, which is associated with poor prognosis (63). However, 

studies using IVUS to assess the vulnerability of calcified plaques have yielded 

conflicting results. While plaques containing extensive calcification typically remain 

clinically silent, those with small calcifications have been associated with disease 

progression (64). Additionally, lesions causing ACS typically contain spotty calcification 

(65). Compared to stable angina patients, lesions causing ACS also exhibited a higher 

prevalence of spotty calcification (66). 

d. Napkin-ring sign 

The napkin-ring sign corresponds to the cross-sectional CT image of thin-cap 

fibroatheroma (TCFA) (67). As a qualitative imaging marker distinct from other 

vulnerability features, it is characterized by a low-density central region in contact with 

the vessel lumen, surrounded by a higher-density ring-shaped layer (68). The low-density 

central area corresponds to the necrotic core of TCFA, while the higher attenuation layer 

represents the CT image of the fibrous ring-like structure around the core. Based on ex-

vivo studies, Maurovich-Horvat et al described napkin-ring sign with excellent specificity 

(98.9%) and low sensitivity (24.4%) for recognizing plaques containing large necrotic 

cores on histology (58). Thus, coronary CTA might enable the identification of TCFA 

containing large necrotic cores associated with increased risk of cardiovascular events. 

Otzuka et al during 1-year follow-up of 895 patients who underwent coronary CTA found 

that several HRP features identified by CT, including napkin-ring sign, were independent 

predictors of ACS (69). 
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Figure 7. Representative images of CT derived HRP features associated with 

adverse outcomes.  

CT-based HRP features shown in this figure include low attenuation plaque, positive 

remodeling, napkin-ring sign and spotty calcification, all of which have been associated 

with major adverse events. (Own material.) 

CT: computed tomography; HRP: high-risk plaque 

 

1.1.4 Quantitative plaque assessment 

Quantifying coronary plaque burden and identifying adverse plaque characteristics have 

the potential to enhance risk prediction of MACE (70). Particularly, the burden of LAP 

has been identified as an independent predictor of myocardial infarction (71). Dedicated 

software tools allow quantitative evaluation of coronary atherosclerosis by determining 

lumen and vessel wall borders and by characterizing plaque composition based on CT 

attenuation values (72) (Figure 8). Therefore, plaque volumes, composition, and diameter 

stenosis can be quantified. Currently utilized softwares have been validated against gold 

standard methods such as IVUS, optical coherence tomography (OCT) or histology (73). 

Clinical trials investigating the effect of lipid-lowering pharmacological therapies have 

been utilized quantitative metrics to monitor coronary atherosclerosis progression (55, 

74). As growing body of evidence supports the importance of plaque burden and plaque 

characterization, plaque quantification is expected to be more commonly used in clinical 

practice as well. This requires its seamless incorporation into the reporting softwares. 
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However, some limitations hinder its widespread utilization in everyday practice that 

need to be addressed. Particularly, quantitative plaque analysis requires excellent image 

quality. Coronary plaque segmentation is relatively time consuming and need substantial 

manual corrections, although developments aim for automated quantification methods 

creating it more convenient. Also, consistent methods for plaque quantification are 

lacking including plaque composition thresholds and plaque burden definition (27). For 

plaque characterization fixed or adaptive thresholds are also in use. Fixed thresholds are 

commonly used with predefined HU values for NCP components including necrotic core, 

fibrotic, and fibrofatty tissues and for CP components. Plaque attenuation is influenced 

by luminal contrast density as well. To overcome this limitation, adaptive thresholds are 

used correcting for lumen density to achieve more accurate results, however data are 

scarce on the use of such approaches. Further standardization is needed for plaque 

quantification, as contrast media protocols, body size, acquisition protocols including 

tube current and voltage and reconstruction settings also effect attenuation values, hence 

influencing plaque quantification. Furthermore, with the advent of photon-counting 

Figure 8. Quantitative coronary plaque assessment using CTA.  

Current software tools provide 3-dimensional models of the coronary tree for better 

visualization of plaque burden and composition. The color coding is based on the HU 

values. This approach is increasingly applied in PCI planning and monitoring medical 

therapy (e.g. statin). (Own material.) 

CAD: coronary artery disease; CTA: computed tomography angiography; HU: 

Hounsfield unit; LAD: left anterior descending; PCI: percutaneous coronary 

intervention; RCA: right coronary artery 
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technology, several additional imaging parameters including novel set of kernels, iterative 

reconstruction algorithms, VMIs or different slice thickness settings introduced even 

more variability in plaque assessment (21, 75, 76). 

 

1.1.5 CAD-RADS classification 

The Coronary Artery Disease Reporting and Data System (CAD-RADS) facilitates a 

uniform and standardized reporting structure of coronary CTA and guidance of patient 

management with further examinations and therapeutic suggestions (Table 2). CAD-

RADS 2.0 was introduced in 2022 with the implementation of technological 

developments and novel clinical trials (77). It incorporates stenosis severity, extent, 

vulnerability and the presence of ischemia, as well as previous revascularization. Based 

on the degree of the most severe atherosclerotic lesion, the stenosis category ranges from 

0 - 5 (CAD-RADS 0 - 5), where 0 means no plaque or stenosis and 5 indicates occlusion 

in the coronary system. The use of additional modifiers allows for a more detailed 

description of CAD: describing plaque burden “P1 - P4” is added; in the presence of at 

least 2 HRP features “V” as vulnerable modifier is used; “I” modifier can be added based 

on proven ischemia; “G” stands for bypass grafts; “S” indicates coronary stents; “N” 

represents non-diagnostic segments; and “E” stands for exceptions (coronary dissection, 

vasculitis, fistula etc.) (Figure 9). 
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Table 2. CAD-RADS classification for the interpretation and reporting of coronary CTA. 

CAD-RADS: coronary artery disease reporting and data system; CTA: computed 

tomography angiography; ICA: invasive coronary angiography 

 

 

Category Degree of 

maximal 

coronary 

stenosis 

Interpretation Further 

cardiac 

investigation 

Management 

considerations 

CAD-RADS 0 0% (No 

plaque or 

stenosis) 

Absence of 

CAD 

None Reassurance. 

Consider non-

atherosclerotic 

causes of 

symptoms. 

CAD-RADS 1 1-24% 

(Minimal 

stenosis or 

plaque with 

no stenosis) 

Minimal non-

obstructive 

CAD 

None Consider non-

atherosclerotic 

causes of 

symptoms. 

CAD-RADS 2 25-49% 

(Mild 

stenosis) 

Mild non-

obstructive 

CAD 

None Consider non-

atherosclerotic 

causes of 

symptoms. 

CAD-RADS 3 50-69% 

(Moderate 

stenosis) 

Moderate 

stenosis 

Consider 

functional 

assessment 

Aggressive risk 

factor modification 

and preventive 

pharmacotherapy. 

CAD-RADS 4 A - 70-99% 

or 

B - Left 

main ≥50% 

or 3-vessel 

obstructive 

(≥70%) 

disease  

Severe stenosis A: Consider 

ICA or 

functional 

assessment B: 

ICA is 

recommended 

Aggressive risk 

factor modification 

and preventive 

pharmacotherapy. 

CAD-RADS 5 100% 

(Total 

occlusion) 

Total coronary 

occlusion or 

sub-total 

occlusion 

Consider 

ICA, 

functional 

and/or 

viability 

assessment 

Aggressive risk 

factor modification 

and preventive 

pharmacotherapy. 

CAD-RADS N Non-

diagnostic 

study 

Obstructive 

CAD cannot 

be excluded 

Additional/alt

ernative 

evaluation 

may be 

needed 
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1.2 Functional assessment of coronary artery disease using CT 

angiography 

In the recent years, functional assessment of CAD has become available using CTA. 

Addressing the limitations of anatomical assessment by coronary CTA, additional 

functional evaluation improves specificity and positive predictive value for the detection 

of hemodynamically significant coronary lesions (78). These methods include myocardial 

CTP imaging and CT-based fractional flow reserve (CT-FFR) (79). Becoming a true one-

stop-shop, cardiac CTA uniquely offers anatomical and functional information of 

coronary atherosclerosis using one modality (80). 

Figure 9. Discrepancy between CAD-RADS classification and SIS.  

While CAD-RADS severity is based on the most significant stenosis - in this case, a 

moderate narrowing - the overall extent of disease also has important prognostic value. 

The segment involvement score can help reclassify the risk for adverse events. The left 

panel displays an RCA with high-risk plaque and a borderline stenosis; however, the total 

plaque burden (SIS of 5) suggests a significantly higher risk than what would be inferred 

from the most severe stenosis alone. Additionally, multiple HRP features are present 

including positive remodeling and low plaque attenuation. (Own material.) 

CAD-RADS: coronary artery disease reporting and data system; RCA: right coronary 

artery; SIS: segment involvement score 
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In the management of patients presenting with CCS, ischemia driven revascularization 

has potential benefit regarding symptom relief and prognosis, as revascularization does 

not improve symptoms or outcome in patients lacking detectable ischemia (81-83). 

Nevertheless, evidence suggest that more than 10% ischemia may correlate with 

improved prognosis after revascularization (84). Notably, a significant discordance 

between the severity of luminal stenosis by imaging and the presence of detectable 

ischemia as demonstrated by previous studies utilizing SPECT or invasive FFR (85, 86).  

Myocardial CTP imaging has emerged as a promising modality for ischemia detection, 

capable of identifying hypoattenuated areas corresponding to myocardial injury in the left 

ventricle during the first-pass uptake of contrast agent. Wider heart volume coverage by 

modern CT detector technology facilitated the application of CTP in clinical practice. 

However, standardization remains challenging due to variability in imaging protocols and 

perfusion parameter cut-off values. The SCCT released a consensus document on 

myocardial perfusion imaging in 2020, delineating technical principles, diagnostic utility, 

patient selection criteria and reporting guidelines (87). Importantly, the document 

advocates for the utilization of CTP in patients with a high likelihood of ischemic heart 

disease, known CAD, prior coronary intervention or extensive calcification. 

Perfusion imaging by CTA is performed during ischemia provocation using vasodilator 

stressor agents (88). Different stressors are in use to provoke ischemia, predominantly 

adenosine and regadenoson, a selective adenosine A(2A) receptor agonist. Latter has the 

advantage of safe utilization without dose modulation for patients’ size or comorbidities 

used as a single 10 second bolus, and provides adequate long and effective vasodilator 

stress for CTP based on recent investigations (89). Regarding the sequence of rest and 

stress CTA imaging, different approaches are available. Rest images could be performed 

either initially to rule out CAD with subsequent stress imaging or after perfusion imaging 

to avoid pre-enhancement of the myocardium by the contrast agent. No guidelines are 

available on the exact order of rest and stress imaging, however there are 

recommendations based on patients’ pre-test probability by traditional risk scores or 

coronary calcium scoring (90). Generally, in patients with lower risk an initial rest CTA 

is suggested, while in patients with higher risk an initial stress perfusion imaging should 

be performed. 
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CTP can be performed using static or dynamic acquisitions, each offering distinct 

advantages. While static CTP provides qualitative and semi-quantitative analysis of peak 

myocardial blood flow (MBF) in one specific time point, hence the timing for static CTP 

is crucial (90, 91). On the other hand, dynamic CTP allows for precise quantitative 

assessment of MBF, by characterizing contrast agent distribution in the left ventricular 

myocardium during several cardiac cycles (92). Obtaining time attenuation curves (TAC) 

and arterial input function curves using the upslope method, MBF is calculated and can 

be measured in the myocardium globally or segment-based. Despite growing body of 

evidence suggesting improved diagnostic accuracy of quantitative assessment using 

dynamic perfusion protocols, it is associated with higher radiation dose exposure 

(approximately 4 - 15 mSv) (90, 93).  

TAC curves differ significantly for normal and ischemic myocardium. Therefore, 

enabling the detection of semi-quantitative and quantitative parameters of myocardial 

perfusion including: the upslope, peak enhancement, time to peak (TTP), area under the 

curve, absolute and relative MBF values and myocardial blood volume (MBV) (80). 

Notably, in case of multivessel disease, dynamic CTP allows more precise and 

reproducible assessment of ischemia as compared to static CTP. Importantly, 

standardization regarding imaging protocols and thresholds for ischemia detection are 

lacking. A wide range of MBF cut-off values for the detection of myocardial ischemia 

are reported in the literature from 75 to even 103 ml/100 ml/min (93-101).  

Excellent diagnostic performance of CTP has previously been reported in single center 

studies compared to SPECT, cardiac magnetic resonance imaging (MRI), positron 

emission tomography (PET), ICA and invasive FFR (102-105). The CORE320 

(Combined Non-invasive Coronary Angiography and Myocardial Perfusion Imaging 

Using 320 Detector Computed Tomography) multicenter study found higher diagnostic 

performance for static CTP compared to SPECT for the detection of significant CAD in 

patients with known obstructive disease detected by ICA (106). Also, using ICA and FFR 

as reference standard, CTP had excellent sensitivity and specificity based on a meta-

analysis by Takx et al (107). Compared to different non-invasive modalities, CTP yielded 

similar diagnostic performance to PET and stress MRI, while higher diagnostic 

performance compared to SPECT and echocardiography. Also based on a meta-analysis, 
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the addition of CTP to coronary CTA improved specificity from 62% to 84% compared 

to coronary CTA alone using ICA as reference standard (108). 

In conclusion, CTP is a promising and accessible diagnostic approach for the evaluation 

of myocardial ischemia with superior spatial resolution compared to SPECT allowing for 

the detection of smaller ischemic territories. Notably, CT is the only non-invasive 

modality for the combined anatomical and functional assessments of CAD allowing more 

precise patient management.  

 

1.3 Prognostic value of coronary CT angiography in chronic coronary 

syndrome 

In recent years, coronary CTA became a first-line diagnostic tool for the diagnosis of 

CCS in patients presenting with stable angina at low- to intermediate risk for obstructive 

CAD in both European and American guidelines (23, 109). Several randomized trials 

have demonstrated the prognostic value of coronary CTA compared to standard-care 

including functional testing or ICA. The PROMISE (Prognostic Value of Noninvasive 

Cardiovascular Testing in Patients With Stable Chest Pain) trial showed that non-

obstructive CAD detected on coronary CTA provides prognostic information contributing 

to improved risk stratification and preventive therapy (110). Importantly, in the CT arm 

more than half of the events occurred in cases with non-obstructive disease, defined as < 

70% stenosis. While one-third of the events occurred in patients with < 50% luminal 

stenosis detected on CTA. In the SCOT-HEART (Scottish Computed Tomography of the 

Heart) trial, at 5-year follow-up no difference between the incidence of ICA or 

revascularization was found between the CTA and standard-care group (111). In addition, 

lower event rate was found in patients referred to CTA, predominantly driven by lower 

rate of nonfatal myocardial infarction. In the DISCHARGE trial similar MACE rate was 

associated with coronary CTA and ICA, while less procedure-related complication 

occurred in the CTA group demonstrating a safer alternative to ICA, further reinforcing 

the use of CTA as a safe first-line test in stable angina (17).  

Supporting the additional value of CTA in the management of CCS, in the CONFIRM 

registry coronary plaque burden based on SIS was an independent predictor for major 

adverse outcomes (112). Similarly, Bittencourt et al. demonstrated that extensive (SIS>4) 

but non-obstructive CAD showed similar hazard ratio for predicting major adverse events 
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as compared to obstructive, non-extensive (SIS≤4) CAD, underlining the importance of 

coronary plaque burden assessment (57).  

Coronary CTA allows accurate visualization of the vessel wall and plaque morphology, 

enabling the assessment of CT surrogates of HRP. HRP features including positive 

remodeling, low plaque attenuation and napkin-ring sign demonstrated significant 

association with MACE in several single-center, observational studies (113). In the 

SCOT-HEART trial, the presence of HRP features including positive remodeling and low 

plaque attenuation and obstructive CAD showed the highest rate of cardiovascular events 

compared to normal coronaries (114). A substudy of the trial also found that 

quantitatively assessed LAP burden was an independent predictor of myocardial 

infarction (71). In a substudy of the PROMISE trial, HRP (defined as having either 

positive remodeling, low plaque attenuation or napkin-ring sign) was found to be an 

independent predictor of major adverse events over traditional cardiovascular risk factors 

and obstructive CAD (115).  

Serial coronary CTA imaging allows for the detection of CAD progression. Motoyama et 

al assessed plaque progression during serial scanning with a median 1 year between the 

two exams. Their study demonstrated that plaque progression defined as increase in 

stenosis grade or increase in RI was an independent predictor of ACS over cardiovascular 

risk factors and HRP features detected on CTA (31). 

Currently, data of the prognostic value of myocardial CTP are scarce. In the CORE320 

trial, during a 5-year follow-up, a combined CTA and CTP approach compared to the 

combination of ICA and SPECT for the detection of CCS showed similar prognostic value 

of MACE (116). This indicated that utilizing a non-invasive strategy using CTA and CTP 

for the detection of CAD could further reduce invasive procedures. 

 

1.4 Photon-counting CT for the evaluation of coronary artery disease 

The first photon-counting detector CT has been introduced to clinical practice in 2021. 

Its novelty lies in the innovative detector technology that allows more detailed assessment 

of the heart as compared to conventional CT scanners (117). Compared to the EID 

technology, photon-counting detectors directly convert each x-ray photons to electric 

signal without converting them to light, improving detector efficacy (118). Captured 

photons generate electric charge with the amplitude proportional to the photon’s energy, 
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enabling spectral imaging. The novel detector technology does not require reflecting septa 

dividing the detector, allowing for smaller detector pixels. These features contribute to 

improved spatial resolution, noise reduction, and better tissue characterization. In 

addition, as a dual-source scanner, the first clinically available PCCT also has improved 

temporal resolution (66 ms). Furthermore, by generating VMI images, blooming artifacts 

can be reduced further improving stenosis assessment in calcified lesions and improving 

CNR for further enhancement in image quality (119). Previous studies have shown that 

spectral data from a PCCT system can accurately differentiate between different plaque 

components and the vessel lumen, as observed in histological atherosclerotic plaque 

samples (120). Moreover, PCCT provides sharper delineation of structures such as 

calcifications due to its superior spatial resolution and reduced blooming. With the above-

mentioned advantages, novel dual-source PCCT is a promising tool for the assessment of 

the coronaries by reducing motion artifacts at even higher heart rates, improving plaque 

characterization and stenosis assessment (Figure 10).  

Due to the novelty of the technique, currently only a limited amount of data is available 

evaluating the role of PCCT in CAD. Nevertheless, early evidence from recent studies 

suggests several potential advantages of PCCT over conventional EID-CT. Compared 

with EID-CT, ultra-high-resolution PCCT has been shown to provide more accurate 

stenosis assessment in calcified coronary plaques, leading to a CAD-RADS 

reclassification in approximately 49% of patients (121). In addition, PCCT enabled 

improved reproducibility of LAP quantification compared to conventional CT (122). 

Studies have also reported a lower rate of subsequent ICA referrals among patients 

undergoing coronary CT angiography with PCCT, particularly in those with extensive 

coronary calcification (123). Moreover, while fewer patients were referred to ICA after 

PCCT compared to EID-CT, those who were referred were more likely to undergo 

revascularization, indicating improved diagnostic performance (48). Finally, PCCT holds 

promise for reducing both the financial burden on healthcare systems and the rate of 

procedure-related complications in patients with CCS compared with conventional CT 

technologies (124). 
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Figure 10. Excellent correlation in stenosis severity between CTA and ICA was 

detected using novel PCCT technology. Representative image of a stenosis in the 

proximal RCA detected on coronary CTA (left) and ICA (right). (Own material.) 

CTA: computed tomography angiography; ICA: invasive coronary angiography; PCCT: 

photon-counting computed tomography; RCA: right coronary artery 
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2. OBJECTIVES 

The objective of this thesis was to establish the following aims:  

 

2.1 Defining coronary plaque progression using different definitions of 

coronary artery disease assessed by coronary CTA 

The aim of the study was to identify predictors of CAD progression using various clinical 

definitions of plaque burden based on serial coronary CTA imaging. 

In addition, we aimed to compare the detection of plaque progression using three distinct 

semi-quantitative definitions of CAD, including the stenosis classification outlined in the 

CAD-RADS classification. 

 

2.2 Defining the association between quantitative coronary plaque 

metrics and myocardial ischemia using CTA 

The aim of the study was to elucidate the association between quantitative atherosclerotic 

plaque metrics derived from coronary CTA and segmental myocardial ischemia based on 

MBF detected by DPCT imaging. 

 

2.3 Defining the changes in quantitative coronary plaque characteristics 

using spectral CTA imaging 

The aim of the study was to investigate how the quantification of individual plaque 

components changes concerning different monoenergetic levels obtained using novel 

PCCT system.  

Also, our aim was to assess quantitative image quality of different VMI reconstructions.  
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3. METHODS 

3.1 Study design for plaque progression assessment 

3.1.1 Patient population 

For the analysis of plaque progression based on coronary CTA, patients were 

retrospectively included from the cardiac CT registry of the Heart and Vascular Center, 

Semmelweis University. Inclusion criteria was serial coronary CTA imaging - with at 

least 1-year interval between the two examinations - using the same 256-slice CT scanner 

(Philips Brilliance iCT, Best, The Netherlands). Exclusion criteria were prior myocardial 

infarction, percutaneous coronary intervention, heart transplantation, coronary bypass 

graft surgery, or non-diagnostic CT image quality. A total of 115 patients were included 

in our final database for analysis. Indication for serial coronary CTA were planning of 

pulmonary vein isolation due to paroxysmal atrial fibrillation (23.4%) or recurrent stable 

angina after initial CTA (76.6%).  

Comprehensive demographic data, comorbidities and medication histories were collected 

from patients at both baseline and follow-up CT scans. Hyperlipidemia was recorded by 

elevated plasma cholesterol levels (total cholesterol >200 mg/dl) or the use of lipid-

lowering therapy. Hypertension was marked in case of a systolic blood pressure >140 

mmHg and/or a diastolic blood pressure >90 mmHg, or the use of antihypertensive 

medication verified by medical records. Smoking was defined as any tobacco use within 

1 year prior to the CTA. Diabetes mellitus was diagnosed based on elevated plasma 

glucose levels (HbA1c ≥6.5%; fasting plasma glucose ≥126 mg/dl) or the use of 

antidiabetic medication or insulin therapy. Statin use was evaluated at both baseline and 

follow-up CT scans, defined as the use of statins at the time of these scans.  

Anamnestic, anthropometric data, and CTA findings were documented using a structured 

reporting platform (Axis, Neumann Medical Ltd., Budapest, Hungary). The study 

received approval from the institutional review board and informed consent was waived 

(SE TUKEB 173/2016). All procedures adhered to local and federal regulations as well 

as the Declaration of Helsinki. 

3.1.2 Coronary CTA acquisition and reconstruction protocol 

All patients underwent prospectively ECG-triggered coronary CTA in accordance with 

SCCT guidelines (125). To control heart rate, premedication included oral metoprolol 

administered one hour before the CTA if the heart rate exceeded 65 beats per minute, and 
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intravenous metoprolol given five minutes before contrast agent injection if the heart rate 

exceeded 60 beats per minute. All patients received 0.8 mg of sublingual nitroglycerine 

prior to the CTA to enhance coronary visualization. Image acquisition was timed to 

diastole (75-81% of the R-R interval) or systole (37-43% of the R-R interval) based on 

the patient's heart rate (below or above 70 beats per minute) after premedication. The 

scanner settings were as follows: 270 ms rotation time, 128 x 0.625 mm collimation, tube 

voltage of 100-120 kVp and tube current of 200-300 mAs, adjusted for the patient’s body 

mass index (BMI). A four-phase contrast injection protocol was utilized with 85-95 ml 

of contrast agent delivered at a flow rate of 4.5-5.5 ml/s (126). 

3.1.3 Coronary CTA image analysis 

Coronary CTA images were assessed for CAD by examining the location, morphology 

and stenosis severity of coronary lesions using an 18-segment coronary tree model (47). 

Coronary segments with a minimal diameter of 1.5 mm were evaluated. Coronary plaque 

was identified on CTA following the criteria established by Mahabadi et al and 

Achenbach et al (127, 128). Calcified plaques were defined as any discernible structure 

with a density of ≥130 Hounsfield units, while non-calcified plaques had a density of 

<130 Hounsfield units, both attributed to the vessel wall in at least two independent image 

planes. Baseline and follow-up images were evaluated simultaneously by the reader, who 

was blinded to patient characteristics, CTA dates, comorbidities and medical treatment, 

to detect changes in plaque composition or stenosis severity. 

To quantify total CAD burden, SIS and SSS were calculated for all patients at baseline 

and follow-up scans. Inter-reader reproducibility of SSS and SIS had been previously 

assessed and published (25). CAD-RADS stenosis categories (0: 0%, 1: 1-24%, 2: 25-

49%, 3: 50-69%, 4A: 70-99%, 4B: Left main >50% or three-vessel disease, 5: 100%) 

were also evaluated according to the CAD-RADS consensus document (129). The 

presence, extent, and severity of all lesions were entered into a structured reporting 

platform, which automatically generated CAD-RADS clinical recommendations (Axis, 

Neumann Medical Ltd., Budapest, Hungary) based on the reader’s inputs. Different 

definitions of plaque progression were analyzed, including increases in SSS, SIS, or 

CAD-RADS category. 
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3.1.4 Statistical analysis 

Continuous variables are presented as means with standard deviations, while categorical 

variables are presented as frequencies with percentages. A paired sample t-test was used 

to compare parameters describing coronary plaque burden between the two CTA 

examinations. Linear regression analysis identified predictors of annualized plaque 

progression. Additionally, linear mixed models were used to analyze repeated 

observations at non-standardized intervals. Taking into account intra-individual changes 

over time allowed for the simultaneous estimation of a predictor's effect on (I) the overall 

amount of the outcome (SSS, SIS, and CAD-RADS) and (II) the annual progression rate. 

This approach provides estimates on how a covariate affects both the overall outcome and 

its temporal changes, accounting for total plaque burden at baseline without requiring 

additional adjustments. Univariate linear mixed models were calculated to assess the 

effect of each predictor on the outcome (CAD definitions) and its annual progression. 

Predictors with a p-value <0.10 in either effect were included in a multivariate model. 

Clinical predictors of coronary plaque progression were included as predictors, with SIS, 

SSS, and CAD-RADS as outcomes. 

Inter-observer reproducibility was also assessed in 25 patients by two observers using 

weighted kappa. Five plaques per stenosis category (minimal 1-24%, mild 25-49%, 

moderate 50-69%, severe 70-99%, and occluded 100%) were selected, including one 

plaque per patient. The kappa values were interpreted as follows: 0.00-0.20 poor; 0.21-

0.40 fair; 0.41-0.60 moderate; 0.61-0.80 good; and 0.81-1.00 excellent agreement.  
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3.2 Study design for the association of quantitative plaque metrics and 

myocardial ischemia 

3.2.1 Patient population 

In our prospective, single-center study, patients with stable chest pain with CAD detected 

on rest coronary CTA were screened. The inclusion criteria required at least 30% stenosis 

in one of the main coronary arteries and excellent image quality for quantitative analysis 

of the entire coronary tree. Exclusion criteria included prior myocardial infarction, 

revascularization, heart transplantation, contraindications to regadenoson, or low image 

quality for quantitative coronary plaque assessment. Regadenoson stress DPCT was 

performed at a separate appointment. Subjects with low image quality for myocardial 

ischemia assessment were excluded. Patients meeting the inclusion and exclusion criteria 

were enrolled in the study (Figure 11). 

 

 

Figure 11. Flow-chart of the study.  

(Source: Vattay B., et al. Front Cardiovasc Med. 2022;9:974805. CC BY 4.0) 

CAD: coronary artery disease; CTA: computed tomography angiography; DPCT: 

dynamic perfusion computed tomography; MBF: myocardial blood flow 
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All patients provided written informed consent. The study received approval from the 

national ethical committee (National Institute of Pharmacy and Nutrition - 

OGYÉI/719/2017) and was conducted in accordance with the Declaration of Helsinki. 

Demographic data and comorbidities were collected by reviewing patients’ medical 

records. Hypertension, hyperlipidemia, and diabetes mellitus were defined as previously 

described in section 3.1.1.  

3.2.2 Coronary CTA acquisition and reconstruction protocol 

Coronary CTA acquisition protocol was identical to previous substudy of the thesis 

described at section 3.1.2. 

3.2.3 Dynamic myocardial perfusion CT protocol 

The stress DPCT scan was conducted following the rest CTA at a separate appointment 

using the same CT scanner. A single intravenous dose of 400 µg of regadenoson 

(Rapiscan R, GE Healthcare) was administered to induce hyperemia. Stress imaging was 

performed during a single breath-hold at peak stress, one minute after the administration 

of regadenoson, covering 25 - 30 cardiac cycles. Patients' heart rate, oxygen saturation 

and blood pressure were monitored to ensure appropriate stress levels for perfusion 

imaging.  

The contrast injection protocol included a bolus of 50 - 60 ml of contrast agent at a rate 

of 5 ml/s, followed by a 30 ml saline chaser. A prospective ECG-gated dynamic mode 

was used (with 64 × 1.25 mm collimation, 360-degree reconstruction, covering 8 cm), 

acquiring images in the systolic phase (35% of the R-R interval). Tube voltage ranged 

from 80 to 120 kVp, and tube current was adjusted between 100 and 250 mAs based on 

the patient's BMI. Images were reconstructed using hybrid iterative reconstruction 

(iDOSE4 level 5, Philips Healthcare, Cleveland, OH, United States) with a slice thickness 

of 2.0 mm and an increment of 2.0 mm. 

3.2.4 Quantitative plaque analysis 

Quantitative assessment of coronary plaques was conducted using dedicated software 

(QAngioCT Research Edition v3.1; Medis Medical Imaging Systems, Leiden, The 

Netherlands) on rest coronary CTA images. Coronary artery segments were delineated 

according to the 18-segment model recommended by SCCT guidelines (47). A single 

reader - blinded to patient data and myocardial perfusion parameters - analyzed all 

coronary vessels with a diameter greater than 1.5 mm. 
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The software automatically generated the coronary tree and performed initial contouring 

of the lumen and vessel wall. Manual corrections were applied, if necessary, in both 

longitudinal and cross-sectional views at 0.5 mm intervals. The reader defined the 

proximal and distal borders of coronary plaques for quantification. Plaque definition 

followed established criteria outlined in section 3.1.3. No chronic total occlusions were 

observed in the study population. 

Plaque composition was determined using predefined HU thresholds: LAP: -100 to 30 

HU; NCP: 31 to 350 HU; CP: ≥351 HU. Volumes of total plaque, LAP, NCP, and CP 

were calculated. LAP burden, defined as the LAP volume divided by vessel volume and 

expressed as a percentage (LAP volume × 100%/vessel volume), was also calculated. 

Lumen area stenosis was quantified at the site of maximal luminal narrowing caused by 

coronary plaque. The RI was computed as the ratio of vessel wall area at the site of 

maximal luminal narrowing to the reference vessel wall area. HRP was defined by 

quantitative LAP burden >4% or a RI >1.1 (31, 71). 

3.2.5 Myocardial perfusion analysis 

DPCT images were analyzed using dedicated software (Intellispace Portal; Philips 

Healthcare, Cleveland, OH, United States). Elastic registration and temporal filtering 

techniques were applied to reduce motion artifacts. TAC generated in the left ventricular 

outflow tract served as arterial input functions for perfusion analysis. Short-axis views 

were generated to assess left ventricular myocardial tissue.  

MBF was computed using a hybrid deconvolution method (130). Two readers 

independently assessed MBF in a random order, blinded to plaque data and patient 

characteristics. A ROI greater than 0.5 cm² was placed in each myocardial segment using 

a 16-segment model, excluding the apex and carefully avoiding any artifacts on short-

axis images (131). 

Segmental myocardial ischemia was defined as MBF < 101 ml/100 g/min based on 

criteria established by Pontone et al (131). Relative MBF (MBFi) for each segment was 

calculated as the ratio of absolute MBF to the reference MBF, defined as the 75th 

percentile of all MBF values for a given patient (132). 

3.2.6 Integration of coronary anatomy and myocardial territories 

Coronary lesions were allocated to their respective myocardial segments using a modified 

method based on the CORE320 trial as described by Cerci et al (133) (Figure 12). 
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Previous studies utilized vessel-based analyses to align myocardial territories with their 

supplying vessels. In our segment-based approach, we defined coronary artery segments 

supplying each of the 16 analyzed myocardial segments based on dominance and segment 

location relative to basal, mid-ventricular, or apical regions.  

After adjudication, the total plaque volume (TPV), NCP volume, and CP volume from all 

relevant supplying coronary segments were aggregated for each myocardial segment. 

Additionally, LAP burden was calculated using the summed LAP volume and vessel 

volume. Summed plaque volumes, the highest degree of lumen area stenosis, and the 

presence of HRP (defined as LAP burden > 4% or RI > 1.1) in the supplying coronary 

segments were analyzed for each corresponding myocardial segment. 

 

Figure 12. Integration of coronary anatomy and myocardial segments.  

Vessel territories were defined based on the modified method after Cerci et al for the main 

coronary arteries. The following categories were determined for myocardial segments: 

primary: most commonly supplied segments in case of right dominance; secondary: might 

be supplied segments; tertiary: usually not supplied segments. In addition, lesion location 

was also taken into account based on coronary segments: basal myocardial segments were 

aligned with proximal, mid myocardial segments with proximal and mid, while apical 

myocardial segments with proximal, mid and distal coronary segments. (Source: Vattay 

B., et al. Front Cardiovasc Med. 2022;9:974805. CC BY 4.0) 

LAD: left anterior descending; LCX: left circumflex; LM: left main; RCA: right coronary 

artery 
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3.2.7 Statistical analysis 

An independent t-test was employed to compare parameters describing coronary plaque 

burden between ischemic and non-ischemic segments. Pearson correlation analysis was 

used to examine the associations between TPV, NCP volume, and CP volume. 

Linear and logistic mixed models, adjusting for intra-patient clustering and clinical 

factors, were utilized to assess the relationships between TPV, maximal area stenosis, 

quantitative HRP features, and absolute MBF, relative MBF (MBFi), or myocardial 

ischemia (defined as MBF < 101 ml/100 g/min). The models were adjusted for established 

clinical risk factors of CAD and potential modifiers of ischemia, including hypertension, 

diabetes mellitus and statin therapy. 

The intraclass correlation coefficient (ICC) for MBF was calculated using data from 160 

segments of 10 randomly selected patients assessed by two readers. Additionally, the 

reproducibility of quantitative plaque assessment between two independent readers was 

evaluated based on 10 randomly selected plaques from patients. ICC values greater than 

0.80 were considered indicative of good reproducibility, while values exceeding 0.90 

were deemed excellent. 

All statistical analyses were performed using SPSS (version 24.0) and R software (version 

3.6.1). A significance level of p < 0.05 was used to determine statistical significance. 

 

3.3 Study design for quantitative plaque characterization using photon-

counting CT 

3.3.1 Patient population 

In our prospective, single-center study, consecutive patients referred for clinically 

indicated coronary CTA due to suspected or known CAD were screened. Inclusion 

criteria required (I) diagnostic image quality suitable for quantitative plaque analysis and 

(II) identification of discernible coronary lesions in at least one of the main coronary 

arteries. Exclusion criteria included (I) presence of stents or bypass grafts and (II) images 

affected by severe motion, breathing artifacts, beam-hardening artifacts or misalignment. 

The study received approval from the institutional ethics committee (IV/667–

1/2022/EKU) and adhered to the principles outlined in the Helsinki Declaration. Written 

informed consent was obtained from all patients prior to their participation. 
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3.3.2 Coronary CTA acquisition and reconstruction protocol 

ECG-triggered coronary CTA scans were performed using a first-generation dual-source 

PCCT scanner (NAEOTOM Alpha, Siemens Healthineers), following the guidelines of 

the SCCT (125). Scan parameters were standardized as follows: tube voltage of 120 kVp, 

automatic tube current modulation set to an image quality level (IQ-level) of 80, detector 

configuration of 144 mm × 0.4 mm, and rotation time of 0.25 s. Intravenous beta blocker 

was administered if the heart rate exceeded 65 beats/minute prior to the examination. 

Additionally, all patients received 0.8 mg of sublingual nitroglycerine if their systolic 

blood pressure was over 100 mmHg before the CTA scan. Depending on the heart rate 

and rhythm, different scan modes were utilized: high-pitch helical (TurboFlash) for heart 

rate below 70/min, sequential for heart rate above 70 beats/min and helical for irregular 

heart rhythm. Image acquisition was timed to diastole (65-85% of the R-R interval) or 

systole (200-400 ms) based on the heart rate (below or above 75 beats/minute). A four-

phasic contrast injection protocol was implemented, administering 70-80 ml of contrast 

agent at a flow rate of 4.5-5.0 ml/s (126).  

VMIs were reconstructed at various energy levels from 40 to 180 keV in 10-keV 

increments. Additionally, polychromatic images at 120 kVp (T3D) were generated as a 

reference standard for comparison. All reconstructed images adhered to the same 

parameters: 0.4 mm slice thickness with 0.4 mm increment, quantitative iterative 

reconstruction level set to 2, using a medium smooth kernel (Bv40) and a matrix size of 

512×512. 

3.3.3 Quantitative plaque analysis 

Coronary atherosclerotic plaque was assessed on CTA images following the methodology 

established by Achenbach et al (128). Quantitative plaque analysis was conducted using 

dedicated semi-automated software (AutoPlaque 2.5; Cedars-Sinai Medical Center) by a 

single experienced reader. For each patient, the coronary lesion with the highest-grade 

stenosis based on visual assessment was selected and analyzed to mitigate potential intra-

patient clustering effects. 

The centerline of the chosen coronary artery was extracted, and the proximal and distal 

borders of the plaque were delineated on the T3D images. Automatic contouring of the 

vessel wall and lumen was performed, with manual adjustments made as necessary to 

avoid artifacts from metallic structures, beam-hardening, or misalignment (in sequential 
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scanning). Only high-quality images free from significant motion or breathing artifacts, 

as per exclusion criteria, were used for plaque quantification. 

Segmentation masks from the T3D images were applied consistently across all VMIs to 

ensure uniform analysis of the same voxels (Figure 13). This approach minimized 

potential variations in contouring among different VMIs of the same patient, thereby 

focusing on the impact of VMI reconstructions on plaque composition while eliminating 

reader bias. Voxel data from the corresponding images were exported to the R 

environment (version 4.0.2) and analyzed using the Radiomics Image Analysis software 

package (RIA v.1.6.0) (134). Plaque volume calculations included CP, NCP and LAP. 

Plaque components were defined using two distinct methods (Table 3). These thresholds 

were employed to accurately categorize and quantify plaque components across the study 

cohort (135-137). 

 

Table 3. Fixed HU thresholds commonly used for plaque quantification. 

 Method 1 Method 2 

LAP -100 - 30 HU <30 HU 

NCP 30 - 350 HU 30 - 130 HU 

CP >350 HU >130 HU 

CP: calcified plaque; HU: Hounsfield unit; LAP: low attenuation plaque; NCP: non-

calcified plaque 

 

3.3.4 Image quality assessment 

Quantitative image quality analysis was conducted for both VMI and T3D images using 

RadiAnt DICOM Viewer software (v2022.1.1) by a single reader. Image noise was 

defined as the standard deviation (SD) of attenuation values measured within a circular 

region of interest (ROI) of 200 mm² placed in the aortic root at the level of the left main 

coronary ostium (SDlumen). Circular ROIs were also positioned in the coronary lumen 

and adjacent pericoronary fat near the analyzed lesion to measure mean attenuation 

(HUlumen, HUfat). Careful attention was given to avoid artifacts and plaques while 

manually placing these ROIs. 

ROIs were initially placed on the T3D images as the reference and then copied to the 

corresponding position on all reconstructed images to ensure uniform measurement of SD 
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and HU values across datasets. Signal-to-noise ratio (SNR) and CNR were calculated for 

each reconstructed dataset as follows: SNR = HUlumen / SDlumen and CNR = (HUlumen 

- HUfat) / SDlumen. This standardized approach enabled consistent assessment of image 

quality parameters across different image reconstructions. 

3.3.5 Statistical analysis 

We evaluated normality using Q-Q plots. Continuous variables are presented as mean and 

standard deviation for normally distributed data, and as medians and interquartile ranges 

for non-normally distributed data. Categorical parameters are described as frequencies 

with percentages. 

To compare image quality metrics, average plaque attenuation, and plaque volumes 

across different monoenergetic levels, we employed one-way repeated measures analysis 

of variance (ANOVA) followed by post hoc comparisons. Our analysis involved two 

main comparisons: (1) each VMI group versus T3D images to identify significant 

differences among VMIs, and (2) each keV group versus the next incrementally to assess 

differences between consecutive VMIs. All multiple comparisons were done using pair t-

tests and p values were corrected using the Bonferroni method.  

Relative differences between T3D and all VMI reconstructions were calculated using the 

formula: (VMImean - T3Dmean) / T3Dmean) * 100%. All statistical analyses were 

conducted using R software (version 4.0.2) with the ggstatsplot (v.0.9.3) and rstatix 

(v0.7.0) packages. A two-sided p-value < 0.05 was considered statistically significant. 
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Figure 13. Representative case of quantitative plaque analysis on different 

reconstructions. Panel A shows a partially calcified-predominantly non-calcified plaque, 

panel B shows a partially calcified-predominantly calcified plaque reconstructed in T3D 

and different VMI reconstructions at 40, 70, 120, and 180 keV levels. Vessel wall border 

is depicted as red line, lumen border is shown as orange line. Cross-sectional images are 

also depicted at the point of the maximal narrowing of the lesion as green line. Identical 

window setting was applied for all represented images: window: 800; level: 250. (Source: 

Vattay B., et al. Eur Radiol. 2023;33(12):8528-8539. CC BY 4.0) 

CP: calcified plaque; HU: Hounsfield unit; LAP: low-attenuation plaque; NCP: non-

calcified plaque 
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4. RESULTS 

4.1  Results of plaque progression assessment  

The baseline characteristics of the 115 enrolled patients (mean age 60.1 ± 9.6 years, 27% 

female) are outlined in Table 4. The average interval between the two CTA examinations 

was 2.6 ± 1.1 years. A total of 1763 coronary artery segments were assessed at both time 

points. The mean effective radiation dose was 5.07 mSv at baseline and 5.09 mSv at 

follow-up (p = 0.822). 

 

Table 4. Baseline characteristics of study population.  

Patient data Study population (n=115) 

Age, years 60.1 ± 9.6 

BMI, kg/m2 28.4 ± 4.2 

Female gender, n (%) 27 (23.5) 

Cardiovascular risk factors at baseline, n (%)  

Hypertension 87 (75.7) 

Diabetes mellitus 15 (13.0) 

Dyslipidemia 63 (54.8) 

Smoking 13 (11.3) 

Family history of premature CAD 29 (25.2) 

Statin use 47 (35.7) 

BMI: body mass index, CAD: coronary artery disease 

 

4.1.1 Characteristics of coronary plaque progression 

A total of 105 out of 115 patients (91.3%) exhibited CAD at baseline. The remaining 10 

patients (8.7%) initially had no plaque, but developed minimal stenosis on follow-up 

(CAD-RADS 1). No progression of CAD was detected in 54 patients (46.7%) and plaque 

regression was not observed in this study group. In terms of plaque numbers and types, 

we detected 397 plaques at baseline and 449 plaques at follow-up in the study population. 

Specifically, there were 142 calcified plaques at baseline compared to 154 at follow-up, 

175 partially calcified plaques versus 203, and 80 non-calcified plaques versus 92, 

respectively. 

Comparing the first and second coronary CTA images, significant increases were 

observed in SSS, SIS and CAD-RADS on the follow-up images: SSS: 4.63 ± 4.06 vs. 

5.67 ± 5.10, p< 0.001; SIS: 3.43 ± 2.53 vs. 3.89 ± 2.65, p< 0.001; CAD-RADS 0: 8.7% 
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vs. 0.0%, 1: 44.3% vs. 40.9%, 2: 34.8% vs. 40.9%, 3: 7.0% vs. 9.6%, 4: 3.5% vs. 6.1%, 

5: 1.7% vs. 2.6%, p< 0.001 at baseline and follow-up, respectively (Table 5). 

The average annual progression rates were 0.41 ± 0.62 for SSS and 0.18 ± 0.34 for SIS. 

Progression in SSS, SIS, and CAD-RADS was observed in 53.0%, 29.6% and 28.7% of 

all cases, respectively (Figure 14). Notably, among patients without CAD-RADS 

progression during follow-up, 34.1% and 17.1% experienced progression in SSS and SIS, 

respectively (Figure 15). Among those who progressed based on SSS, only 54% showed 

changes in CAD-RADS scores. This could potentially lead to a false impression that CAD 

had not progressed over time despite novel plaque development only reflected by SSS 

changes. 

Excellent agreement across stenosis categories was found between two observers who 

evaluated 25 plaques (5 from each stenosis category) (weighted kappa = 0.903). 

 

Table 5. CAD features of the enrolled patient population.  

 1. scan (n=115) 2. scan (n=115) p value 

SSS 4.63 ± 4.06 5.67 ± 5.10 <0.001 

SIS 3.43 ± 2.53 3.89 ± 2.65 <0.001 

CAD-RADS severity, n (%) <0.001 

0 10 (8.7) 0 (0.0)  

1 51 (44.3) 47 (40.9)  

2 40 (34.8) 47 (40.9)  

3 8 (7.0) 11 (9.6)  

4 4 (3.5) 7 (6.1)  

5 2 (1.7) 3 (2.6)  

CAD-RADS: coronary artery disease reporting and data system, SIS: segment 

involvement score, SSS: segment stenosis score 
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Figure 14. Sankey diagram depicting coronary plaque progression based on SSS and 

CAD-RADS.  

Patient-based progression of coronary atherosclerosis using SSS and CAD-RADS 

severity is depicted on the Sankey diagram. This type of flow diagram depicts the number 

of patients with progression during follow-up, where the width of the arrow is 

proportional to the flow rate (number of patients). No progression was found in 54 

patients’ SSS and in 82 patients’ CAD-RADS during the follow-up period (marked with 

light blue). The number of patients with increase in SSS and CAD-RADS are depicted at 

1, 2 and ≥ 3 years based on serial CTA imaging (orange). CAD-RADS substantially 

underestimated changes in disease severity and extent of CAD. During the follow-up 

period we could identify three patients with SSS increase at 1 year (rapid progression of 

CAD), whereas most patients progressed later at 3 or more years. (Source: Szilveszter B., 

Vattay B., et al. Eur Heart J Cardiovas Imaging. 2022;23(11):1530-1539. CC BY 4.0) 

CAD-RADS: coronary artery disease reporting and data system; SSS: segment stenosis 

score 



47 

 

 

Figure 15. Sankey diagram depicting coronary plaque progression based on SSS 

among those with no progression in CAD-RADS classification for lesion severity.  

A total of 82 patients in our study did not progress based on CAD-RADS severity, 

although a large proportion of patients demonstrated coronary plaque progression based 

on SSS. Increasing number of patients developed higher stenosis scores during follow-up 

period: 2 patients had higher SSS at 1 year, 9 patients had higher SSS at 2 years, and 17 

patients had higher SSS at 3 years or more. Four patients had substantial increase in SSS 

(three or more) despite no changes in CAD-RADS classification. (Source: Szilveszter B., 

Vattay B., et al. Eur Heart J Cardiovasc Imaging. 2022;23(11):1530-1539. CC BY 4.0) 

CAD-RADS: coronary artery disease reporting and data system; SSS: segment stenosis 

score 

 

4.1.2 Predictors of coronary plaque progression 

Linear regression models were performed to identify predictors of plaque progression, 

defined as the annualized progression of SSS or SIS. Age was found to be associated with 

plaque progression based on SSS [ꞵ = 0.013, confidence interval (CI) 0.01-0.024, p = 

0.034], but no association was observed with SIS progression (p = 0.784). Notably, none 

of the other predictors showed any significant association with the annualized progression 

rate of SSS, SIS or CAD-RADS (all p > 0.05). However, this approach does not account 

for temporal changes in covariates over time or consider the baseline values. Therefore, 

we also analyzed our data using linear mixed models. 



48 

 

4.1.3 Analysis of coronary plaque progression and progression rate using linear 

mixed models 

Univariate linear mixed models revealed that age and gender influence the values of SSS 

and SIS in our population, while diabetes increased the annual progression rate of SSS by 

0.34 per year [CI 0.01 - 0.66; p = 0.036] (Table 6). Multivariate analysis showed that 

smokers had a significantly increased annual progression rate of SSS by 0.37 per year [CI 

0.07 - 0.67, p = 0.017] and a higher total extent of CAD as described by SIS compared 

with non-smokers [ꞵ = 0.77, CI 0.06 - 1.50, p = 0.034]. Diabetes mellitus increased the 

annual progression rate of SSS by 0.38 per year [CI 0.07 - 0.69, p = 0.016]. Age and 

gender affected the total amount of SSS and SIS (p < 0.001). Female gender was 

associated with an average of 2.86 lower SSS [CI -4.52 - (-1.20), p < 0.001] and 1.68 

lower SIS [CI -2.65 - (-0.71), p = 0.001] compared to male gender. Notably, CAD-RADS 

was not influenced by any cardiovascular risk factor (all p ≥ 0.05). Detailed results of the 

multivariate analysis are summarized in Table 7. 
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4.2 Results of the association of quantitative plaque metrics and 

myocardial ischemia  

4.2.1 Patient characteristics 

The baseline characteristics of the 30 analyzed patients (mean age 60.9 ± 8.3 years, 26.7% 

female, mean BMI 28.9 ± 3.8 kg/m²) are summarized in Table 8. Common comorbidities 

included hypertension (76.7%) and dyslipidemia (76.7%). The average interval between 

the two examinations was 13.0 ± 8.6 days. The mean effective radiation dose was 4.4 ± 

1.1 mSv for rest CTA and 8.9 ± 4.0 mSv for DPCT. Quantitative analysis was performed 

on 496 coronary artery segments and 480 myocardial segments. The ICC between readers 

was 0.96 for MBF and 0.93 for TPV. 

 

Table 8. Patient characteristics and concomitant medical therapy of study population. 

Patient population (n=30) 

Age, years 60.9 ± 8.3 

Male gender, n (%) 22 (73.3) 

BMI, kg/m2 28.9 ± 3.8 

Hypertension, n (%) 23 (76.7) 

Diabetes mellitus, n (%) 2 (6.7) 

Dyslipidemia, n (%) 23 (76.7) 

Smoking, n (%) 16 (53.3) 

Cerebrovascular disease, n (%) 1 (3.3) 

Peripheral artery disease, n (%) 3 (10.0) 

Family history of premature CAD, n (%) 9 (30.0) 

Oral anticoagulant therapy, n (%) 6 (20.0) 

Statin therapy, n (%) 16 (53.3) 

ACE-I / ARB therapy, n (%) 18 (60.0) 

Beta-blocker therapy, n (%) 15 (50.0) 

ACE-I: angiotensin-converting-enzyme inhibitor; ARB: angiotensin receptor blocker; 

BMI: body mass index; CAD: coronary artery disease 

 

4.2.2 Quantitative plaque characteristics and myocardial ischemia 

Total plaque volume, NCP volume, and CP volume differed significantly between 

ischemic and non-ischemic myocardial segments, measuring 120.5 ± 119.5 mm³ vs. 84.6 

± 82.2 mm³ (p = 0.001), 62.3 ± 59.5 mm³ vs. 51.4 ± 54.9 mm³ (p = 0.045), and 58.3 ± 

91.8 mm³ vs. 33.3 ± 50.6 mm³ (p = 0.001), respectively (Table 9). The median and 

interquartile range (IQR) of plaque volumes for ischemic and non-ischemic myocardial 

segments were: TPV: 82.9 (31.1 - 179.6) vs. 68.7 (25.8 - 114.7) mm³; NCP volume: 46.1 
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(24.3 - 93.7) vs. 31.6 (12.4 - 73.8) mm³; CP volume: 15.9 (0.1 - 78.2) vs. 17.3 (2.2 - 46.1) 

mm³. Figure 16 shows box plots of quantitative plaque volumes in coronary segments 

supplying ischemic and non-ischemic myocardial segments. On a patient level, the 

average maximal lumen area stenosis of the worst lesion was 54.7 ± 15.9%. On a 

segmental level, the average maximal lumen area stenosis was 37.2 ± 22.7% for ischemic 

segments and 33.5 ± 20.7% for non-ischemic segments (p = 0.072). HRP was present in 

21.3% of ischemic and 19.0% of non-ischemic territories (p = 0.539). The number of 

ischemic segments was 164 out of 480 (34.2%). The median MBF was 111 ml/100 g/min, 

while the median relative MBF (MBFi) was 0.94. TPV strongly correlated with NCP 

volume (r = 0.73, p < 0.001) and CP volume (r = 0.83, p < 0.001); therefore, TPV was 

included in the multivariate prediction models to avoid multicollinearity. 

 

Table 9. Plaque features in ischemic and non-ischemic myocardial segments. 

 Ischemic myocardial 

segments (n=164) 

Non-ischemic myocardial 

segments (n=316) 

p 

value 

Total plaque volume, mm3 120.5 ± 119.5 84.6 ± 82.2 0.001 

NCP volume, mm3 62.3 ± 59.5 51.4 ± 54.9 0.045 

CP volume, mm3 58.3 ± 91.8 33.3 ± 50.6 0.001 

High-risk plaque, n (%) 35 (21.3) 60 (19.0) 0.539 

Lumen area stenosis, % 37.2 ± 22.7 33.5 ± 20.7 0.072 

CP: calcified plaque; NCP: non-calcified plaque 

 

 

Figure 16. Box plots showing the distribution of total, NC and CP volumes related 

to ischemic and non-ischemic myocardial segments based on DPCT. (Source: Vattay 

B., et al. Front Cardiovasc Med. 2022;9:974805. CC BY 4.0) 

CP: calcified plaque; DPCT: dynamic perfusion computed tomography; MBF, 

myocardial blood flow; NCP: non-calcified plaque volume 
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4.2.3 Predictors of myocardial blood flow 

Using linear mixed models, univariate analysis showed that total plaque volume predicted 

both absolute and relative MBF values (Table 10). Clinical risk factors (such as 

hypertension, diabetes mellitus and statin use), HRP characteristics and stenosis severity 

were not associated with impaired myocardial perfusion based on MBF and MBFi. On 

multivariate analysis, an increase in TPV led to reduced absolute and relative MBF 

values, even after adjusting for clinical risk factors, lumen area stenosis and HRP features: 

per 10 mm³ increase, β = -0.035, p < 0.01 for MBF and β = -0.0002, p < 0.01 for MBFi. 

Notably, lumen area stenosis and quantitative HRP features were not linked to absolute 

or relative MBF values (all p > 0.05) 

On univariate logistic regression, TPV and lumen area stenosis were significant predictors 

of myocardial ischemia based on MBF < 101 ml/100 g/min (Table 11). After adjusting 

for predefined clinical risk factors, stenosis severity and HRP, an increase in TPV was 

independently associated with myocardial ischemia: OR = 1.01, p = 0.033 (per 10 mm³). 

However, in multivariate analysis, HRP features and lumen area stenosis were not linked 

to ischemia (both p > 0.05). 
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Table 10. Quantitative segmental analysis of myocardial perfusion: predictors of absolute 

and relative myocardial blood flow. 

Predictors Absolute MBF Relative MBF 

Univariate model Univariate model 

ꞵ 

[95% CI] 
p value 

ꞵ 

[95% CI] 
p value 

TPV, (/10 mm3) -0.025 

[-0.043; - 0.007] 

0.006 -0.0002 

[-0.0003; - 0.0001] 

0.004 

NCPV, (/10 mm3) -0.025 

[-0.053; 0.003] 

0.079 -0.0002 

[-0.0004; 0.0000] 

0.077 

CPV, (/10 mm3) -0.046 

[-0.078; - 0.014] 

0.005 -0.0002 

[-0.0004; - 0.00006] 

0.008 

Remodeling index 1.934 

[-2.427; 6.295] 

0.384 0.003 

[-0.029; 0.036] 

0.838 

High-risk plaque 1.952 

[-1.767; 5.672] 

0.303 0.018 

[-0.009; 0.045] 

0.191 

Area stenosis -4.479 

[-12.008; 3.050] 

0.243 -0.042 

[-0.093; 0.009] 

0.108 

Age, years -0.172 

[-1.208; 0.864] 

0.736 0.0006 

[-0.001; 0.002] 

0.463 

BMI, kg/m2 -0.791 

[-3.037; 1.455] 

0.477 0.004 

[0.0007; 0.007] 

0.017 

Hypertension -1.482 

[-21.491; 18.527] 

0.881 0.010 

[-0.019; 0.039] 

0.491 

Diabetes mellitus 1.542 

[-32.393; 35.478] 

0.926 0.018 

[-0.031; 0.068] 

0.456 

Smoking 1.536 

[-15.424; 18.496] 

0.854 0.013 

[-0.011; 0.038] 

0.274 

Statin therapy -3.201 

[-20.127; 13.724] 

0.701 -0.005 

[-0.030; 0.020] 

0.658 

BMI: body mass index; CI: confidence interval; CPV: calcified plaque volume; DPCT: 

dynamic perfusion computed tomography; HRP: high-risk plaque; NCPV: non-calcified 

plaque volume; OR: odds ratio; TPV: total plaque volume 
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Table 11. Predictors of myocardial ischemia detected by DPCT using a clinical threshold 

(MBF < 101ml/100 g/min). 

Predictors Myocardial ischemia detected by DPCT 

 Univariate model 

 OR 95% CI p value 

TPV, (/10 mm3) 1.01 1.002; 1.012 0.003 

NCPV, (/10 mm3) 1.01 1.004; 1.018 0.002 

CPV, (/10 mm3) 1.01 0.997; 1.015 0.172 

Remodeling index 1.14 0.422; 3.059 0.801 

HRP 0.79 0.333; 1.890 0.601 

Area stenosis 8.05 1.340; 48.333 0.023 

Age, years 1.03 0.839; 1.268 0.770 

BMI, kg/m2 1.26 0.787; 2.019 0.335 

Hypertension 2.86 0.046; 177.116 0.617 

Diabetes mellitus 1.74 0.003; 883.279 0.861 

Smoking 0.96 0.031; 29.434 0.982 

Statin therapy 4.06 0.108; 152.174 0.448 

BMI: body mass index; CI: confidence interval; CPV: calcified plaque volume; DPCT: 

dynamic perfusion computed tomography; HRP: high-risk plaque; NCPV: non-calcified 

plaque volume; OR: odds ratio; TPV: total plaque volume 
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4.3 Results of quantitative plaque characterization using photon-

counting CT  

Patients with suspected or known CAD who underwent coronary CTA on our novel 

PCCT scanner were screened in our prospective single center study. Between April 2022 

and June 2022, a total of 158 patients were screened. We excluded 22 patients due to 

inadequate image quality for plaque quantification and 85 patients without CAD. 

Consequently, 51 plaques from 51 patients were included in the analyses. The mean age 

was 65.1 ± 11.9 years, with 68.6% being male. Common comorbidities included 

hypertension (80.4%), diabetes mellitus (27.5%), and dyslipidemia (52.9%). The average 

TPV of the analyzed lesions was 270.2 ± 208.7 mm³ on T3D images. The mean effective 

radiation dose was 5.2 ± 4.3 mSv. Baseline demographic data and CT scan parameters 

are summarized in Table 12. 

 

Table 12. Patient characteristics and imaging parameters. 

Demographic data Patient population (n=51) 

Age, years 65.1 ± 11.9 

Male gender 35 (68.6%) 

BMI, kg/m2 28.8 ± 4.7 

Hypertension 41 (80%) 

Diabetes mellitus 14 (28%) 

Dyslipidemia 27 (53%) 

Family history of premature CAD 8 (16%) 

Smoking 11 (22%) 

CT scan parameters 

Agatston score 444 ± 619 

Total plaque volume, mm3 270 ± 208 

DLP, mGy cm 374 ± 309 

Effective dose, mSv 5.2 ± 4.3 

BMI: body mass index; CAD: coronary artery disease; CT: computed tomography; DLP: 

dose length product 

 

4.3.1 Quantitative image quality of different VMI reconstructions 

The mean attenuation of the analyzed plaques was 299 ± 209 HU on T3D images. The 

average plaque attenuation showed a significant graded decrease with increasing keV 

levels, ranging from 723 ± 501 HU at 40 keV to 120 ± 112 HU at 180 keV (p < 0.0001 

for all comparisons). All VMIs demonstrated significant difference compared to T3D, 



58 

 

except for the 70 keV images (303 ± 225 HU, p = 0.15) (Figure 17A; Table 13). Image 

noise (SD of mean attenuation) also decreased with increasing keV levels, from 72 ± 12 

HU at 40 keV to 33 ± 6 HU at 180 keV. However, significant difference in image noise 

between adjacent keV levels were not consistently observed. Images reconstructed at 

80 keV showed similar image noise compared to T3D images (35 ± 5 HU vs. 35 ± 5 HU, 

respectively; p = 0.74) (Figure 17B). Trends for CNR and SNR were similar to those for 

mean attenuation. CNR was highest at 40 keV (22.1 ± 5.6) and lowest at 180 keV (5.3 ± 

1.6), with each value significantly different from the adjacent keV level. Similarly, SNR 

was highest at 40 keV (20.0 ± 5.5) and lowest at 180 keV (3.3 ± 1.2) with each value 

significantly different from the adjacent keV level. T3D images yielded similar image 

quality based on CNR and SNR compared to 70 keV VMI reconstructions (CNR: 15.5 ± 

3.7 vs. 15.8 ± 3.5, p = 0.32; SNR: 13.1 ± 3.6 vs. 13.2 ± 3.2, p = 0.69, respectively) (Figure 

17C and 17D). 

 

 

Figure 17. Box plots depicting the distribution of plaque attenuation and image 

quality parameters in T3D images and different VMI energy levels.  

Panel A: distribution of HU attenuation values. Panel B: distribution of image noise (SD). 

Panel C: distribution of CNR. Panel D: distribution of SNR. (Source: Vattay B., et al. 

Eur Radiol. 2023;33(12):8528-8539. CC BY 4.0) 

CNR: contrast-to-noise ratio; HU: Hounsfield unit; SD: standard deviation; SNR: signal-

to-noise ratio; VMI: virtual monoenergetic image 
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Table 13. Mean attenuation and image quality values across different reconstructions.  

CNR: contrast-to-noise ratio; HU: Hounsfield unit; SD: standard deviation; SNR: signal-

to-noise ratio; VMI: virtual monoenergetic image 

 

4.3.2 Plaque volume changes on different VMI reconstructions 

We applied two threshold settings (method 1 and 2) for plaque quantification as described 

above in section 3.3.3. (Table 3). Using method 1, the mean NCP volume was 161.0 ± 

126.3 mm3 on T3D images. The average NCP volume increased up to 70 keV and then 

decreased with each subsequent increment in VMI energy level. However, a significant 

difference in NCP volume between keV levels was not observed at every step. The lowest 

value was found using 40 keV (96.9 ± 86.8 mm3), while the highest was seen using 

70 keV (152.8 ± 122.0 mm3). Mean NCP volume measured on 100 - 180 keV 

reconstructions did not differ significantly from T3D images (p > 0.05 for all) (Figure 

18A). The average CP volume showed a significant graded decrease with increasing keV 

levels, from 138.7 ± 126.4 mm3 at 40 keV to 38.5 ± 64.6 mm3 at 180 keV (p < 0.05 for 

all). An increasing LAP volume was observed with each increment in keV level, showing 

a significant difference between each step (from 22.8 ± 24.9 mm3 at 40 keV to 96.0 ± 

76.3 mm3 at 180 keV; p < 0.0001 for all) (Figure 18B). Mean LAP volumes differed 

VMI level 

(keV) 

Attenuation 

(HU) 

Image noise 

(SD) 
CNR SNR 

Mean SD Mean SD Mean SD Mean SD 

T3D 299 209 35 5 15.5 3.7 13.1 3.6 

40 723 501 72 12 22.1 5.6 20.0 5.5 

50 509 361 55 9 19.4 4.9 17.2 4.7 

60 382 277 45 7 17.2 4.0 14.8 3.8 

70 303 225 37 6 15.8 3.5 13.2 3.2 

80 247 190 35 5 13.2 3.2 10.7 2.8 

90 210 167 34 5 11.1 2.9 8.8 2.4 

100 184 151 34 6 9.5 2.5 7.3 2.1 

110 167 140 33 6 8.4 2.3 6.3 1.8 

120 154 132 33 6 7.6 2.1 5.4 1.6 

130 144 127 33 6 6.9 1.9 4.8 1.5 

140 137 122 33 6 6.4 1.8 4.4 1.4 

150 131 119 33 6 6.0 1.8 4.0 1.3 

160 127 116 33 6 5.7 1.7 3.7 1.3 

170 123 114 33 6 5.5 1.7 3.5 1.2 

180 120 112 33 6 5.3 1.6 3.3 1.2 
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significantly between T3D and VMI reconstructions, except for the 50 keV images (28.0 

± 30.8 mm3 and 28.6 ± 30.1 mm3, respectively, p = 0.63) (Figure 18C) (Table 14).  

Method 2 yielded similar findings for plaque volume assessment. The mean NCP volume 

initially increased up to 100 keV and then decreased with higher keV levels, with no 

significant differences between each adjacent keV level. The average NCP volume on 

T3D was comparable to those at 70 and 140 - 180 keV energy levels (p > 0.05 for all) 

(Figure 19A). Similarly, the mean CP volume showed a decreasing trend with significant 

differences between each adjacent keV level (p < 0.01 for all). Mean CP volumes 

measured on each VMI reconstruction differed significantly from the reference T3D 

images (p < 0.001 for all) (Figure 19B). Additionally, the LAP volume increased with 

higher keV levels, with significant difference between each adjacent VMI (p < 0.05 for 

all). For LAP volume measurement, all VMIs showed significant differences compared 

to T3D, except for 40 keV images (p = 0.65) (Figure 19C) (Table 15). 

 

4.3.3 Relative difference between standard and VMI reconstructions 

The relative difference in attenuation and image quality parameters between the reference 

standard T3D and VMI reconstructions are summarized in Table 16. For plaque volumes 

using thresholds from method 1 for plaque characterization, the largest difference for CP 

and NCP volumes were observed on 40 keV images compared to T3D, with relative 

differences of 70.8% and -39.8%, respectively (p < 0.0001), The smallest relative 

differences were found using 70 keV images, with 0.9% and -5.1% difference, 

respectively (p < 0.0001). The mean LAP volume showed the largest discrepancy on 180 

keV reconstruction, with 242.5% relative difference (p < 0.0001) and the smallest on 50 

keV images, with a 1,9% difference (p = 0.63) (Table 17).  

Using method 2 for plaque quantification, the greatest difference in CP volume was 

between 180 keV and T3D, with a relative difference of -48.9% (p < 0.0001). The lowest 

relative difference of CP volume was on 70 keV images (-4.0%, p < 0.001). For NCP 

volume compared to T3D, the greatest and smallest differences were found using 40 keV 

(-65.6%, p < 0.0001) and 70 keV (-1.5%, p = 0.54), respectively. The largest relative 

difference for LAP volume was seen on 180 keV images (243.3%, p < 0.0001), while the 

smallest on 40 keV images (-1.9%, p = 0.65) (Table 18). 
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 Figure 18. Box plots depicting the distribution of plaque volumes (method 1) in T3D 

images and different VMI energy levels.  

Panel A: distribution of NCP volume. Panel B: distribution of CP volume. Panel C: 

distribution of LAP volume. (Source: Vattay B., et al. Eur Radiol. 2023;33(12):8528-

8539. CC BY 4.0) 

CP: calcified plaque; HU: Hounsfield unit; LAP: low-attenuation non-calcified plaque; 

NCP: non-calcified plaque; VMI: virtual monoenergetic image 
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Table 14. Mean plaque volumes and their proportion to TPV (%) across different 

reconstructions method 1 thresholds for plaque characterization. 

VMI 

keV 

CP volume 

(>350 HU) 

NCP volume 

(31 - 350 HU) 

LAP volume 

(-100 - 30 HU) 

Mean 

mm3 

SD 

mm3 

Mean/ 

TPV 

ratio 

(%) 

Mean 

mm3 

SD 

mm3 

Mean/ 

TPV 

ratio 

(%) 

Mean 

mm3 

SD 

mm3 

Mean/ 

TPV 

ratio 

(%) 

T3D 81.2 110.1 30.0 161.0 126.3 59.6 28.0 30.8 10.4 

40 138.7 126.4 51.3 96.9 86.8 35.9 22.8 24.9 8.4 

50 111.1 121.5 41.1 128.3 106.9 47.5 28.6 30.1 10.6 

60 88.2 113.3 32.6 149.9 120.1 55.5 31.8 32.9 11.8 

70 81.9 111.4 30.3 152.8 122.0 56.6 35.5 35.0 13.1 

80 75.9 105.1 28.1 149.3 120.7 55.3 45.0 41.4 16.7 

90 67.0 95.6 24.8 149.1 123.0 55.2 54.1 47.6 20.0 

100 58.9 87.1 21.8 148.8 122.6 55.1 62.5 53.3 23.1 

110 53.0 81.0 19.6 147.2 120.9 54.5 69.9 58.4 25.9 

120 48.8 76.5 18.1 145.2 118.9 53.7 76.0 62.7 28.1 

130 45.9 73.1 17.0 143.0 117.1 52.9 81.1 66.3 30.0 

140 43.6 70.4 16.1 141.0 115.5 52.2 85.4 69.3 31.6 

150 41.9 68.5 15.5 139.2 114.3 51.5 88.9 71.5 32.9 

160 40.5 66.9 15.0 137.7 113.3 51.0 91.8 73.5 34.0 

170 39.4 65.6 14.6 136.4 112.6 50.5 94.1 75.0 34.8 

180 38.5 64.6 14.3 135.4 111.9 50.1 96.0 76.3 35.5 

CP: calcified plaque; HU: Hounsfield unit; LAP: low-attenuation plaque; NCP: non-

calcified plaque; SD: standard deviation; TPV: total plaque volume on T3D images; 

VMI: virtual monoenergetic image 
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Figure 19. Box plots depicting the distribution of plaque volumes (method 2) in T3D 

images and different VMI energy levels.  

Panel A: distribution of NCP volume. Panel B: distribution of CP volume. Panel C: 

distribution of LAP volume. (Source: Vattay B., et al. Eur Radiol. 2023;33(12):8528-

8539. CC BY 4.0)  

CP: calcified plaque; HU: Hounsfield unit; LAP: low-attenuation non-calcified plaque; 

NCP: non-calcified plaque; VMI: virtual monoenergetic image 



  

Table 15. Mean plaque volumes and their proportion to TPV (%) across different 

reconstructions method 2 thresholds for plaque characterization. 

VMI 

keV 

CP volume 

(>130 HU) 

NCP volume 

(31 - 130 HU) 

LAP volume 

(<30 HU) 

Mean 

mm3 

SD 

mm3 

Mean/ 

TPV 

ratio 

(%) 

Mean 

mm3 

SD 

mm3 

Mean/ 

TPV 

ratio 

(%) 

Mean 

mm3 

SD 

mm3 

Mean/ 

TPV 

ratio 

(%) 

T3D 153.4 138.4 56.8 88.8 82.2 32.9 28.1 30.8 10.4 

40 205.0 164.2 75.9 30.6 31.3 11.3 27.5 29.9 10.2 

50 194.0 161.6 71.8 45.4 43.9 16.8 30.7 32.3 11.4 

60 172.6 150.3 63.9 65.6 60.5 24.3 32.1 33.3 11.9 

70 147.2 138.3 54.5 87.4 79.4 32.4 35.6 35.1 13.2 

80 123.1 127.5 45.6 102.1 90.3 37.8 45.0 41.5 16.7 

90 106.8 120.9 39.5 109.3 93.2 40.5 54.2 47.6 20.1 

100 97.4 117.6 36.1 110.3 92.5 40.8 62.6 53.4 23.2 

110 91.7 115.6 33.9 108.5 90.7 40.2 70.0 58.5 25.9 

120 88.1 114.3 32.6 106.0 88.6 39.2 76.2 62.8 28.2 

130 85.5 112.9 31.6 103.4 86.8 38.3 81.3 66.5 30.1 

140 83.5 111.8 30.9 101.1 85.4 37.4 85.6 69.4 31.7 

150 81.8 110.7 30.3 99.3 84.4 36.8 89.1 71.6 33.0 

160 80.4 109.7 29.8 97.7 83.6 36.1 92.1 73.6 34.1 

170 79.3 108.9 29.4 96.5 83.0 35.7 94.4 75.1 34.9 

180 78.3 108.2 29.0 95.6 82.4 35.4 96.3 76.5 35.6 

CP: calcified plaque; HU: Hounsfield unit; LAP: low-attenuation plaque; NCP: non-

calcified plaque; SD: standard deviation; TPV: total plaque volume on T3D image; VMI: 

virtual monoenergetic image 
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Table 17. Difference in CP, NCP, and LAP volumes based on the thresholds of method 

1 for different VMI levels compared to T3D. 

VMI 

keV 

CP 

(>350 HU) 

NCP 

(31 - 350 HU) 

LAP 

(-100 - 30 HU) 

ΔT3D 

(%) 
95% CI 

ΔT3D 

(%) 
95% CI 

ΔT3D 

(%) 
95% CI 

40 70.8 54.2; 87.5 -39.8 -48.1; -31.5 -18.8 -29.0; -8.6 

50 36.9 28.2; 45.6 -20.3 -25.2; -15.5 1.9* -5.8; 9.6 

60 8.7 5.4; 12.0 -6.9 -8.9; -4.9 13.6 7.5; 19.6 

70 0.9 0.1; 1.6 -5.1 -6.4; -3.8 26.8 19.8; 33.7 

80 -6.5 -9.4; -3.6 -7.3 -9.7; -4.9 60.5 46.9; 74.0 

90 -17.5 -24.9; -10.0 -7.4 -11.4; -3.4 92.9 72.5; 113.3 

100 -27.5 -38.2; -16.8 -7.6* -13.2; -2.0 122.9 96.1; 149.7 

110 -34.8 -47.6; -21.9 -8.6* -15.3; -1.8 149.3 116.9; 181.8 

120 -39.8 -54.2; -25.5 -9.8* -17.5; -2.2 171.2 133.9; 208.4 

130 -43.4 -58.9; -28.0 -11.2* -19.6; -2.8 189.3 148.0; 230.5 

140 -46.3 -62.5; -30.0 -12.4* -21.4; -3.5 204.7 160.2; 249.2 

150 -48.3 -65.3; -31.4 -13.6* -23.0; -4.1 217.0 170.0; 263.9 

160 -50.1 -67.6; -32.6 -14.5* -24.3; -4.7 227.4 178.4; 276.4 

170 -51.4 -69.4; -33.5 -15.3* -25.4; -5.2 235.7 185.1; 286.3 

180 -52.5 -70.9; -34.2 -15.9* -26.3; -5.5 242.5 190.5; 294.6 

Differences and 95% CI are from pairwise t-tests. * indicates no statistical significance 

compared to T3D based on p value.  

CI: confidence interval; CP: calcified plaque; HU: Hounsfield unit; LAP: low-

attenuation plaque; NCP: non-calcified plaque; VMI: virtual monoenergetic image 
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Table 18. Difference in CP, NCP, and LAP volumes based on the thresholds of method 

2 for different VMI levels compared to T3D. 

VMI 

keV 

CP 

(>130 HU) 

NCP 

(31 - 130 HU) 

LAP 

(<30 HU) 

ΔT3D 

(%) 
95% CI 

ΔT3D 

(%) 
95% CI 

ΔT3D 

(%) 
95% CI 

40 33.6 23.3; 44.0 -65.6 -82.4; -48.8 -1.9* -10.1; 6.4 

50 26.5 19.3; 33.6 -48.9 -61.6; -36.2 9.6 2.2; 17.0 

60 12.5 8.4; 16.6 -26.2 -33.4; -18.9 14.4 8.4; 20.4 

70 -4.0 -5.9; -2.1 -1.5* -3.9; 0.9 26.8 19.8; 33.8 

80 -19.7 -24.1; -15.4 15.0 9.8; 20.1 60.5 47.0; 74.1 

90 -30.4 -36.7; -24.0 23.1 16.1; 30.1 93.0 72.6; 113.5 

100 -36.5 -44.1; -29.0 24.2 16.0; 32.5 123.1 96.2; 149.9 

110 -40.2 -48.6; -31.8 22.2 13.1; 31.3 149.6 117.1; 182.1 

120 -42.6 -51.5; -33.7 19.4 9.7; 29.1 171.5 134.2; 208.9 

130 -44.3 -53.5; -35.0 16.5 6.3; 26.7 189.7 148.4; 231.0 

140 -45.6 -55.1; -36.0 13.9* 3.4; 24.4 205.2 160.7; 249.8 

150 -46.7 -56.5; -36.8 11.8* 1.1; 22.6 217.6 170.6; 264.6 

160 -47.6 -57.6; -37.5 10.1* -0.9; 21.1 228.1 179.0; 277.2 

170 -48.3 -58.5; -38.1 8.7* -2.5; 19.9 236.5 185.7; 287.2 

180 -48.9 -59.3; -38.5 7.7* -3.7; 19.1 243.3 191.2; 295.5 

Differences and 95% CI are from pairwise t-tests. * indicates no statistical significance 

compared to T3D based on p value.  

CI: confidence interval; CP: calcified plaque; HU: Hounsfield unit; LAP: low-

attenuation plaque; NCP: non-calcified plaque; VMI: virtual monoenergetic level



  

5. DISCUSSION 

The aim of this thesis was to comprehensively evaluate the anatomical and functional 

aspects of chronic coronary syndrome by analyzing plaque progression, plaque burden, 

plaque composition, and myocardial ischemia using advanced CT imaging. The main 

findings summarized in the thesis are: (1) smoking, diabetes, age and male sex 

independently predicted coronary plaque progression, and the identification of plaque 

progression was underestimated based on CAD-RADS classification, (2) quantified total 

coronary plaque burden independently influenced corresponding quantified myocardial 

ischemia assessed by CT imaging, (3) using novel first-generation dual-source PCCT, 

different VMI reconstructions significantly influenced estimated coronary plaque 

volumes and quantitative image quality parameters. 

5.1 Assessment of plaque progression 

CTA is a uniquely suited imaging modality to monitor changes in the extent and severity 

of CAD and underlying plaque composition. Our longitudinal observational cohort study 

showed that age and gender influenced the severity and the extent of coronary 

atherosclerosis independent of established cardiovascular risk factors, while smoking and 

diabetes increased annual rate of plaque progression based on SSS, representing both 

disease severity and extent. Notably, CAD-RADS severity classification change was not 

observed in 46% and 41% of patients despite increased SSS and SIS during follow-up 

CTA scans. In addition, none of the risk factors influenced CAD-RADS, which is the 

currently endorsed clinical classification system for reporting CAD using CTA.  

Coronary atherosclerosis progression has demonstrated significant prognostic value in 

predicting future cardiovascular events based on previous data. During a median follow-

up of 4.1 years, plaque progression was an independent predictor of ACS based on serial 

coronary CTA imaging (31). Also, a growing body of evidence highlights the critical role 

of rapid plaque progression as a precursor to plaque rupture and subsequent myocardial 

infarction (138, 139). Coronary CTA offers accurate and reproducible assessment of 

atherosclerotic plaque changes and, as a non-invasive technique, provides a safe option 

for serial imaging in patients with high-risk atherosclerotic morphology. This makes it 

particularly valuable for monitoring progression and evaluating the effectiveness of 

preventive therapies over time. Motoyama et al. defined plaque progression as at least 1 

grade increase in stenosis severity or a >1.1 increase in the RI ratio (31). Table 19 
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describes additional approaches to define plaque progression. Other studies defined 

progression based on newly diagnosed cases with at least 50% stenosis by the person-

years during follow-up, or utilized CACS, SSS and SIS to describe plaque progression 

(140). 

 

Table 19. Different approaches to detect plaque progression with coronary CTA. 

Category CT based parameters 

Quantitative plaque measures Positive remodeling index (>1.1) 

 Increase in total plaque volume (TPV) 

Increase in non-calcified plaque burden 

Progression of fibrofatty plaque content 

Greater volume increase in LAP  

De novo obstructive lesion (>50%)  

Calcium-based progression Increase in CACS 

 Higher rate of new calcium deposition 

Segment-based stenosis 

progression 

Increase in SSS (worsening stenosis severity) 

 Increase in SIS (new segment involvement) 

CACS: coronary artery calcium score; CTA: computed tomography angiography; LAP: 

low-attenuation plaque; SIS: segment involvement score; SSS: segment stenosis score; 

TPV: total plaque volume 

 

Importantly, we used a novel approach to define the predictors of plaque progression 

using different definitions, including progression in SSS, SIS, or CAD-RADS 

classification category (Figure 20). In addition, while previous studies assessed plaque 

progression as the change between two timepoints, we applied linear mixed models. Our 

methodology allowed us to also account for one’s baseline value, (i.e. individuals with 

more plaque may progress faster unless normalizing for the baseline plaque volume) or 

the possible changes in covariates over time (i.e. someone may develop diabetes over the 

follow-up period). Modeling intra-subject changes and analyzing both overall and 

individual patterns over time offer a more comprehensive assessment of how predictors 

influence plaque development. 
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Figure 20. Coronary plaque progression defined as increase in SSS - severity increased 

on left panel, SIS - new plaque as shown in the middle panel, or the appearance of a 

vulnerable plaque - right panel. (Own material.) 

SIS: segment involvement score; SSS: segment stenosis score  

 

Although an increasing number of studies have utilized CT to detect coronary 

atherosclerosis, data on the predictors of plaque progression remain limited. Notably, 

these predictors vary depending on the chosen definition of plaque progression, and a 

wide range of definitions are used to assess CAD progression and characterize coronary 

atherosclerosis on CTA. Increased plaque progression was also linked to obesity, high 

low-density lipoprotein cholesterol level and smoking (141-144). Smoking contributes to 

atherogenesis through various mechanisms, including inflammation, endothelial 

dysfunction, altered platelet function, disruptions in cholesterol metabolism, and the 

promotion of thrombotic factors. Coronary CT imaging showed significantly higher 

CACS, SSS and SIS in diabetic patients compared to control groups during a 5-year 

follow-up study (145). In addition, SSS and SIS showed predictive value for clinical 

events in the same diabetic cohort. We also observed that male gender was linked to a 

larger SSS and SIS levels, and that smokers exhibited a greater extent of CAD. 
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Additionally, smoking and diabetes mellitus were found to be associated with the 

progression rate of SSS, as determined by linear mixed models.  

Other recently published studies have focused on quantitative plaque analysis defining 

plaque progression based on volumetric changes. However, due to the small changes in 

plaque volume, these adjustments would not affect clinical scoring systems like SSS or 

CAD-RADS, nor alter clinical decision-making. Notably, limitations of quantitative 

plaque analysis also include lack of standardized protocols, inter-vendor, scan-rescan and 

inter-software variability. Total atherosclerotic plaque volume increase was used to 

evaluate the relationship between various diseases (HIV infection, non-alcoholic fatty 

liver disease, etc) and outcomes using mediation analysis (146, 147). However, the 

detected changes are comparable to interscan variability, requiring caution in their 

interpretation (148). Coronary CTA is being increasingly employed to monitor the 

effectiveness of anti-atherosclerotic drug therapy. Gu et al found that following long-term 

high-intensity statin therapy, females presented greater degree of coronary plaque 

regression compared to males based on CACS, SIS and SSS (140). 

The introduction of the CAD-RADS multidisciplinary consensus document marks a 

significant step in standardizing and streamlining coronary CTA reporting, facilitating 

improved communication across medical disciplines by using a simplified and consistent 

terminology for CT findings. The CAD-RADS classification, which focuses on the most 

severe stenosis, proved however inadequate for detecting plaque progression based on 

our results. Patients with mild/moderate stenosis (CAD-RADS category 2-3), classified 

as non-obstructive, may still exhibit extensive CAD affecting >4 coronary segments. 

Bittencourt et al. demonstrated that such patients have comparable cardiovascular risk to 

those with obstructive CAD (57). Min et al evaluated 1,127 symptomatic patients 

undergoing CTA and demonstrated that increasing SIS - reflecting the number of 

coronary segments with plaque - strongly correlates with worsened all-cause mortality 

(149). 

It is therefore encouraging that the new CAD-RADS 2.0 version now includes extent of 

CAD, addressing this limitation (150). 
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5.2 The association of quantitative plaque metrics and myocardial 

ischemia 

In our prospective, single center study, we employed a novel method to assess the 

association of quantified coronary plaque metrics to myocardial ischemia across all 

coronary segments, focusing on lesions within the corresponding myocardial territory 

using CTA (Figure 21). This approach allowed us to evaluate the direct effect of a 

specific lesion or a combination of lesions on the corresponding myocardial segment. 

Our findings revealed that TPV impacted myocardial ischemia, independent of stenosis 

severity, HRP, and risk factors. Furthermore, maximal luminal stenosis and the presence 

of HRP were not associated with myocardial ischemia as measured by MBF. We also 

detected excellent reproducibility of both TPV and MBF assessments. 

Coronary CTA is a unique imaging modality that allows for the combined anatomical and 

functional assessment of CAD. CT has several advantages for evaluating myocardial 

ischemia, as compared with other modalities such as increased spatial resolution, 

comprehensive plaque assessment and reproducible quantitative measures of myocardial 

perfusion. However, radiation dose remains a limiting factor, particularly when utilizing 

dynamic CT protocols, restricting its applicability for a large subset of patients. 

Previous studies have suggested that increased plaque burden correlates with visual 

perfusion defects, reinforcing the notion that morphological plaque characteristics play 

an important role in myocardial ischemia beyond just stenosis severity (151, 152). The 

CREDENCE trial showed a strong association between quantified plaque volume and 

invasive FFR (153). Liu et al. similarly found that low-density plaque volume and 

diameter stenosis were independently linked to myocardial ischemia (152). Driessen et 

al. analyzed 208 patients who underwent (15O) H2O PET-MPI and coronary CTA, 

concluding that plaque length and volume were inversely correlated with MBF (154). 

Additionally, this study identified a connection between decreased blood flow and non-

calcified plaque volume or positive remodeling in a vessel-based analysis. The 

multicenter CORE 320 study demonstrated that the combination of coronary CTA and 

CTP exhibited excellent diagnostic accuracy for detecting flow-limiting lesions (greater 

than 50%) by invasive angiography and perfusion defects via SPECT. Van Rosendael et 

al used static stress CTP in 84 patients to examine the relationship between morphological 

plaque characteristics and visual perfusion deficits (155). While increasing stenosis 
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severity and lesion length were found to be predictors of ischemia, plaque volumes were 

not. However, prior studies also found higher TPV for ischemic patients as compared 

with non-ischemic individuals, and plaque burden improved the diagnosis of ischemia 

over stenosis (156). In our study, TPV for ischemic segments was 120.5 ± 119.5 mm³, 

while for non-ischemic segments it was 84.6 ± 82.2 mm³ indicating a substantial 

difference in plaque burden for ischemic segments. Studies have reported conflicting 

findings on whether ischemia is primarily driven by luminal narrowing, plaque 

composition and vulnerability, or overall plaque burden. However, these studies were 

limited to assessing the total plaque burden within a given vessel, without accounting for 

the individual variability in coronary arborization and myocardial perfusion territories 

(133). A distal coronary lesion does not restrict blood flow to the most basal myocardial 

segments, which could significantly impact the interpretation of results. Regarding 

stenosis severity, discrepancies between lesion severity and ischemia have been observed 

in both invasive and noninvasive studies (81, 157) . While previous clinical care primarily 

emphasized lesion severity, there is a growing shift toward assessing total coronary 

atherosclerotic burden. This broader approach can facilitate early intervention, guide the 

initiation of secondary prevention therapy, and contribute to disease stabilization 

ultimately reducing adverse events. Using patient-specific anatomical variations into our 

calculations, we ensured a more precise evaluation of the relationship between plaque 

burden and ischemia. In a recent study, Min et al. suggested stages of plaque burden for 

the detection of ischemia assessed by FFR (158). Whether there is certain cutoff for TPV 

that leads to definite requires future investigations. 
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Figure 21. Comprehensive quantitative plaque and myocardial perfusion analysis 

using cardiac CTA. In this case, plaques were detected and quantified in the proximal 

LAD (LAD1), mid-LAD (LAD2) and proximal RCA (RCA1 + RCA2). All coronary 

plaques based on their location were matched for the corresponding myocardial territory. 

MBF was quantified for all 16 myocardial segments using DPCT images. By creating a 

myocardial vessel territory map for each coronary segment, we could derive the TPV that 

could influence MBF. In this case, basal anterior and basal anteroseptal myocardial 

segments were influenced by the proximal LAD (LAD1) lesion, while the mid anterior, 

mid anteroseptal, apical anterior , and apical septal myocardial segments were affected 

by two lesions: LAD1 and LAD2, as they are located more distally. LCX demonstrated 

no coronary lesions. Regarding the RCA, two plaques were detected in the proximal RCA 

segment (RCA1 and RCA2), therefore all myocardial segments corresponding to the 

RCA were influenced by two plaques (RCA1 and RCA2). Plaque volumes of the lesions 

aligned for a given myocardial segment were summed and accounted for in the analysis, 

while the highest degree of lumen area stenosis of the corresponding lesions was included 

in the analysis. Light blue color indicates LV segments related to proximal LAD lesion, 

dark blue color indicates LV territories related to both proximal and mid-LAD lesions, 

whereas green color shows myocardial territories corresponding to the RCA lesions. 

(Source: Vattay B., et al. Front Cardiovasc Med. 2022;9:974805. CC BY 4.0) 

CAD: coronary artery disease; CTA: CT angiography; DPCT: dynamic perfusion CT; 

LAD: left anterior descending; LCX: left circumflex; LV: left ventricle; MBF: myocardial 

blood flow; RCA: right coronary artery 
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5.3 Quantitative plaque characterization using photon-counting CT 

Novel photon-counting detector technology enables spectral imaging of coronary plaques 

using different virtual monoenergetic reconstructions. In our study, we demonstrated that 

the use of various VMI energy levels significantly impacts attenuation values and the 

corresponding volumes of coronary plaque components. Our main finding included: low-

energy images (40-70 keV) enhanced CNR while increasing image noise, and resulted in 

higher CP but lower NCP and LAP volumes; CP volume measured at 70 keV showed the 

smallest relative difference compared to T3D images as reference; NCP volumes did not 

differ significantly across higher VMI levels (100-180 keV); LAP volume on low-energy 

images (40-50 keV) was not significantly different from T3D images. 

Coronary CTA is a first line non-invasive imaging modality in the diagnosis of CAD in 

patients with stable chest pain (159). CT enables the assessment of CAD parameters with 

important prognostic value, including luminal stenosis, high-risk plaque morphology and 

plaque burden (31). Quantitative plaque analysis further enhances this capability by 

providing detailed assessment of plaque volume and composition. Emerging evidence 

supports the added prognostic value of quantitative over visual plaque assessment (160). 

Notably, LAP burden - defined by a fixed attenuation threshold of 30 HU - being an 

independent predictor of myocardial infarction at 5-year follow-up (71). As such, 

quantitative CTA-based plaque evaluation can improve risk stratification by identifying 

patients at elevated cardiovascular risk (161). 

The recent introduction of dual-source PCCT systems into clinical practice offers 

potential advantages over conventional CT technology. Compared to traditional energy-

integrating detectors, PCCT directly generate electronical signal proportional to the 

energy of each photon reaching the detector, resulting in superior spatial resolution, 

reduced image noise and beam-hardening artifacts (118). Additionally, PCCT allows for 

advanced tissue characterization through VMI reconstructions, which could improve 

coronary plaque assessment. However, VMI reconstructions also alter CT attenuation 

values, which can impact plaque characterization. Lower keV images increase contrast 

between the coronary lumen and vessel wall, improving visualization of plaques and 

intraluminal contrast. Although these images exhibit higher image noise, they also 

demonstrate improved image quality based on CNR and SNR, consistent with previous 

phantom studies (162). Conversely, higher keV levels reduce image noise and blooming 
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artifacts, thereby enhancing evaluation of calcified plaques, although resulting in reduced 

CNR and SNR. An optimal approach may involve viewing both low- and high-keV 

images side-by-side and enabling manual adjustment of segmentation contours on either 

reconstruction to mitigate artifacts. Ohta et al., using dual-energy CT, reported that 

different VMI levels yielded the highest CNR and SNR for specific plaque components, 

supporting our findings that multiple VMI levels may be needed for comprehensive 

plaque characterization (163).  

Because VMI reconstructions alter voxel attenuation values, it is critical to consider how 

these changes affect quantitative plaque analysis. Our findings show that fixed threshold 

definitions applied to T3D images yield significantly different plaque volumes when used 

on VMIs. This is because VMI based attenuation varies depending on the tissue 

composition of each voxel (164-166). Thus, applying fixed thresholds across VMI levels 

results in inconsistent quantification, as demonstrated by the significant differences in 

plaque volumes across almost all VMI reconstructions relative to T3D. Moreover, 

demonstrated by our results, a single correction factor is insufficient, since the degree of 

volume discrepancy differs by plaque type even within the same VMI level. To ensure 

consistency across studies using different VMI or conventional datasets, standardized 

protocols and adaptive correction methods are needed to enable reliable conversion 

between volumetric estimates.  

To date, no prior study has specifically evaluated the influence of VMI energy levels on 

coronary plaque composition using PCCT data. Symons et al. investigated similar effects 

using a third-generation dual-source CT scanner and found comparable trends in image 

quality, with higher CNR and SNR at lower keV levels and greater image noise. Although 

their analysis involved separate segmentations for each reconstruction, they reported 

similar tendencies regarding plaque types (167).  

 

5.4 Limitations 

Certain limitations of our investigations must be acknowledged. The study on plaque 

progression was a single center, retrospective analysis at a single center tertiary 

cardiology center, with variable time intervals between the two CT scans. To address this, 

we employed linear mixed models, which account for differences in follow-up duration 

and allow for a more detailed evaluation of the factors influencing plaque progression. 



77 

 

Another limitation was the incidental statin use without evaluating serum cholesterol 

levels. Prospective, multicenter studies are needed to assess whether the observed 

differences in CAD definitions could impact patient outcomes. Finally, smoking was 

defined as tobacco use within one year prior to CTA, capturing current smoking status 

but not accounting for the cumulative lifetime exposure and associated risk. 

The study on the association of plaque volume and myocardial ischemia had a relatively 

reduced sample size due to the exclusion of patients with non-diagnostic image quality 

for quantitative plaque analysis or without intermediate stenosis. Since excellent image 

quality is essential for accurate quantitative plaque assessment, this may have introduced 

selection bias. Furthermore, quantitative plaque analysis is a time-intensive process and 

currently remains a research tool, not yet integrated into routine clinical practice. 

Nevertheless, its value in risk stratification is increasingly recognized by experts, and 

efforts are underway to develop automated quantification tools. Additionally, our study 

lacks sufficient power to evaluate robust outcome analyses. 

The third study of current thesis has certain limitations, including that it was also a single 

center study involving a modest number of stable chest pain patients, although the sample 

size was sufficient to observe consistent trends in VMI based plaque quantification. Also, 

we used a single software platform for segmentation, and did not account for other 

technical factors - such as slice thickness, iterative reconstruction algorithms, or 

reconstruction kernels - that may also influence plaque volume measurements. 

Additionally, no reference standard such as histology or intravascular imaging was 

available. Nevertheless, T3D images are generally comparable to conventional 120-kV 

images from energy-integrating detector CT systems and the methods used have been 

validated against intravascular imaging in large cohorts (168, 169). Although variation in 

contrast media concentration and injection protocols can also influence attenuation, our 

standardized protocol allows minimal variation (170). More importantly, we compared 

VMI based measurements within the same patients, thereby minimizing the impact of 

such variation on our results. 

 

5.5 Future perspectives 

According to currently available literature and to our results, we propose the following to 

be incorporated in future clinical practice in the management of CCS. Accurate risk 
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assessment in CAD should move beyond the detection of stenosis alone. Emphasizing 

total plaque burden and plaque progression in clinical CTA reports - and ultimately within 

structured frameworks such as CAD-RADS - could better identify patients who may 

benefit from intensified preventive strategies or further functional testing. Integrating 

dynamic plaque metrics - whether semi-quantitative (e.g. SSS or SIS) or quantitative (e.g. 

volumetric plaque progression) - could refine risk stratification and support earlier, more 

personalized interventions. Future multicenter, prospective studies are warranted to 

validate these concepts and to establish their impact on patient outcomes. Advances in 

CT technology, such as PCCT, offer improved spatial resolution and more robust plaque 

quantification, but standardization of analysis across platforms remains essential. As 

quantitative plaque analysis tools mature and become automated, their integration into 

routine practice will likely become more feasible. 
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6. CONCLUSIONS 

In conclusion, this thesis addressed three critical aims to enhance CAD assessment using 

advanced coronary CTA and PCCT imaging. It showed that stenosis-based classifications 

like CAD-RADS may underestimate disease progression, that total plaque volume better 

predicts myocardial ischemia than stenosis severity, and that spectral imaging parameters 

significantly affect plaque quantification requiring new clinical standards. These insights 

pave the way for more accurate, reproducible and clinically meaningful evaluation of 

coronary atherosclerosis, potentially improving patient care through better risk 

stratification and targeted therapies.  
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7. SUMMARY 

This thesis aimed to improve the assessment of CAD burden, its progression and 

functional consequences by leveraging advanced coronary CTA postprocessing tools and 

PCCT imaging. The first objective was to define plaque progression using different CAD 

definitions applied to serial CTA scans, identifying predictors of progression and 

comparing detection rates across semi-quantitative CAD definitions, including the widely 

used CAD-RADS stenosis classification. Current CAD definitions vary, leading to 

inconsistent identification of patients with CAD progression and differing risk factor 

associations. Our study revealed important limitations in current CAD assessment 

methods. CAD-RADS failed to detect progression in nearly half of patients with serial 

CTA. This finding underscores the need for more comprehensive, standardized 

definitions incorporating semiquantitative plaque burden metrics. 

The second objective focused on elucidating the relationship between quantitative 

coronary plaque metrics derived from coronary CTA and segmental myocardial ischemia 

as assessed by DPCT. This aimed to clarify whether plaque burden provides incremental 

value over stenosis severity in predicting ischemia, which is crucial for clinical decision-

making. Importantly, TPV was independently associated with segmental myocardial 

ischemia based on MBF, whereas traditional measures were not. This suggests that total 

plaque burden is a more sensitive and clinically relevant marker for ischemia than stenosis 

alone, supporting a shift toward comprehensive plaque quantification in clinical practice 

to better identify ischemic myocardial territories. 

The third objective investigated how quantitative measurements of individual plaque 

components change across different VMI reconstructions obtained from a novel PCCT 

system and assessed the quantitative image quality. Plaque volume estimates differed 

substantially between VMIs at different VMI levels, especially for LAP, which is 

currently defined by fixed HU thresholds. Since PCCT offers enhanced spectral imaging 

capabilities, understanding how HU values vary with energy levels is critical for 

establishing reliable plaque quantification protocols and therefore our results represent an 

important step towards normalization of coronary plaque volume using different VMIs. 

Collectively, these results show the potential of novel technologies to refine CAD 

diagnosis and management and might also improve personalized medicine in CAD 

management provided that standardized definitions and imaging protocols are adopted.  



81 

 

8. ÖSSZEFOGLALÓ 

A disszertáció célja a koszorúér-betegség (CAD) kiterjedésének, progressziójának és 

funkcionális következményeinek vizsgálata volt a legmodernebb coronaria CT 

angiográfiás (CTA) eszközök, köztük a fotonszámláló CT (PCCT) alkalmazásával. Első 

célkitűzésünk a plakk progresszió prediktorainak elemzése volt különböző szemi-

kvantitatív CAD definíciók mentén, és hogy ezek milyen mértékben alkalmasak a 

betegség előrehaladásának azonosítására. Az irodalomban többféle definíciót 

alkalmaznak a CAD progresszió leírására, ami eltérő eredményekhez vezethet. 

Eredményeink alapján a széles körben használt CAD-RADS klasszifikáció az esetek 

közel felében nem mutatta ki a plakkok progresszióját, ami alátámasztja a részletesebb, 

egységesebb definíciók és a CAD kiterjedését leíró szemi-kvantitatív paraméterek 

alkalmazásának fontosságát a klinikai gyakorlatban. Második célunk a CTA alapján 

meghatározott kvantitatív plakk jellemzők és a szegmentális myocardialis ischaemia 

közötti kapcsolat vizsgálata volt, dinamikus perfúziós CT (DPCT) alkalmazásával. 

Célunk volt elemezni, hogy a teljes plakk terheltség (TPV) - a szűkület mértékén túl - 

hozzáadott prognosztikus értékkel bír-e az ischaemia azonosításában. Eredményeink 

szerint a TPV függetlenül befolyásolta a DPCT-vel meghatározott ischaemiát, míg a 

hagyományos jellemzők nem mutattak hasonló összefüggést. Ez hangsúlyozza a TPV 

klinikai jelentőségét, amely érzékenyebb markernek bizonyult az ischaemia 

meghatározására, mint a szűkület mértéke. Harmadik célkitűzésként a VMI 

képrekonstrukciók hatását vizsgáltuk különböző plakk komponensek kvantifikációjára és 

a képminőségre PCCT-t alkalmazva. A különböző VMI energiaszinteken jelentős 

eltéréseket mértünk elsősorban az alacsony denzitású plakk (LAP) volumenben, melynek 

meghatározása jelenleg fix HU küszöbérték alapján történik. A PCCT által nyújtott 

spektrális képalkotás elterjedése révén elengedhetetlen annak pontos megértése, hogyan 

változnak a denzitás értékek különböző energiaszinteken, így eredményeink fontos lépést 

jelentenek a VMI-alapú plakk kvantifikáció egységesítése felé. Összefoglalásként 

elmondható, hogy a disszertáció három lényeges területen járult hozzá a CAD korszerűbb 

értékeléséhez az új generációs CTA technológiák alkalmazásával. Az eredmények ezen 

innovatív módszerek képesek pontosítani a CAD diagnosztikáját és kezelését, és új 

perspektívát nyithatnak a személyre szabott orvoslás területén - feltéve, hogy egységes 

képalkotási protokollokat és egységes definíciókat alkalmazunk. 
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CAD-RADS may underestimate coronary

plaque progression as detected by serial CT

angiography
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1MTA-SE Cardiovascular Imaging Research Group, Heart and Vascular Center, Semmelweis University, 68 Városmajor st, 1122 Budapest, Hungary; and 2Medical Imaging Centre,
Semmelweis University, 2 Korányi Sándor st, 1083 Budapest, Hungary

Aims We wished to assess whether different clinical definitions of coronary artery disease (CAD) [segment stenosis and
involvement score (SSS, SIS), Coronary Artery Disease—Reporting and Data System (CAD-RADS)] affect which
patients are considered to progress and which risk factors affect progression.

...................................................................................................................................................................................................
Methods
and results

We enrolled 115 subsequent patients (60.1 ± 9.6 years, 27% female) who underwent serial coronary computed
tomography angiography (CTA) imaging with >1year between the two examinations. CAD was described using
SSS, SIS, and CAD-RADS. Linear mixed models were used to investigate the effects of risk factors on the overall
amount of CAD and the effect on annual progression rate of different definitions. Coronary plaque burdens were
SSS 4.63 ± 4.06 vs. 5.67 ± 5.10, P < 0.001; SIS 3.43 ± 2.53 vs. 3.89 ± 2.65, P < 0.001; CAD-RADS 0:8.7% vs. 0.0%
1:44.3% vs. 40.9%, 2:34.8% vs. 40.9%, 3:7.0% vs. 9.6% 4:3.5% vs. 6.1% 5:1.7% vs. 2.6%, P < 0.001, at baseline and
follow-up, respectively. Overall, 53.0%, 29.6%, and 28.7% of patients progressed over time based on SSS, SIS, and
CAD-RADS, respectively. Of the patients who progressed based on SSS, only 54% showed changes in CAD-
RADS. Smoking and diabetes increased the annual progression rate of SSS by 0.37/year and 0.38/year, respectively
(both P < 0.05). Furthermore, each year increase in age raised SSS by 0.12 [confidence interval (CI) 0.05–0.20,
P = 0.001] and SIS 0.10 (CI 0.06–0.15, P < 0.001), while female sex was associated with 2.86 lower SSS (CI -4.52 to
-1.20, P < 0.001) and 1.68 SIS values (CI -2.65 to -0.77, P = 0.001).

...................................................................................................................................................................................................
Conclusion CAD-RADS could not capture the progression of CAD in almost half of patients with serial CTA. Differences in

CAD definitions may lead to significant differences in patients who are considered to progress, and which risk fac-
tors are considered to influence progression.
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Keywords coronary artery disease • CT angiography • coronary plaque progression

Introduction

Coronary artery disease (CAD) is a chronic disease with dynamic
temporal changes in plaque size and composition.1,2 Coronary com-
puted tomography angiography (CTA) is a robust, non-invasive diag-
nostic test to characterize CAD.3,4 Coronary CTA allows the
accurate assessment of the presence, extent and severity of coronary
atherosclerosis, and has received class I recommendation (level of
evidence B) for the evaluation of CAD among patients with stable
chest pain in the latest guidelines.5 Recent studies have proposed
CAD progression as a prognosticator of adverse events, irrespec-
tively from stenosis severity using CTA.1 However, many clinical defi-
nitions and metrics of coronary plaque progression (PP) have been
proposed.6,7 Nevertheless, there are still limited data on the predic-
tors of coronary PP with respect to different metrics of CAD
quantity.

Therefore, we aimed to evaluate the predictors of CAD progres-
sion using different clinical definitions of plaque burden on serial com-
puted tomography (CT) imaging. In addition, we sought to compare
the identification of PP by three different semiquantitative definitions
of CAD including the stenosis classification of the Coronary Artery
Disease—Reporting and Data System (CAD-RADS).

Methods

Patient population
From 7233 patients in our structured reporting registry of coronary
CTA, 316 had at least two coronary CTAs with at least 1 year between
the two examinations using the same 256-slice scanner (Philips Brilliance

iCT, Best, The Netherlands) between 1 January 2015 and 6 January 2020.
Indications for serial testing were the planning of radiofrequency ablation
in patients with paroxysmal atrial fibrillation (23.4%) or recurrent angina
after initial CTA (76.6%). Exclusion criteria for our analysis were myocar-
dial infarction, percutaneous coronary intervention, heart transplantation,
or coronary bypass graft surgery prior to any CTA imaging and non-
diagnostic CT image quality. Overall, we found 115 symptomatic and sta-
ble patients who met the inclusion and exclusion criteria (Figure 1).
Anamnestic, anthropometric data and CTA findings were recorded in a
structured reporting platform (Axis, Neumann Medical Ltd. Budapest,
Hungary).

The study was approved by the institutional review board and
informed consent was waived due to the retrospective nature of the
study. All procedures used in this study were in accordance with local
and federal regulations, and the Declaration of Helsinki.

Demographics and comorbidities
Medical chart review was performed to gather data on patient demo-
graphics and comorbidities. Both at baseline and follow-up, patients
underwent detailed interview on risk factors, medical history, and medi-
cation. Hyperlipidaemia was defined as having elevated plasma choles-
terol levels (total cholesterol >200 mg/dL) or the use of lipid-lowering
therapy. Hypertension was defined as systolic blood pressure
>140 mmHg and/or diastolic blood pressure >90 mmHg or antihyperten-
sive medication use verified by medical records. Smoking was defined as
prior tobacco use within 1 year prior CTA (both baseline and follow-up
time point evaluated). Diagnosis of diabetes mellitus (DM) was estab-
lished based on elevated plasma glucose levels (fasting plasma glucose
>_ 126 mg/dL; HbA1c >_ 6.5%) or the use of antidiabetic medication or in-
sulin therapy. Statin use was recorded at baseline and follow-up at the
time of the CT scanning and was defined as the use of statin at the time of
the scans.

Graphical Abstract
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..CT Image acquisition
We performed prospectively triggered CTA of the heart according to
the guidelines of the SCCT.8 Per os metoprolol was administered in case
of heart rate exceeded 65 beats per minute 1 h before the coronary
CTA examination and if not contraindicated. All patients received 0.8 mg
of sublingual nitroglycerine prior to the CTA and intravenous beta-
blocker was also administered if heart rate was still above 60 beats/min.
Image acquisition was performed at diastole (75–81% of the R–R interval)
or at systole (37–43% of the R–R interval) if heart rate was above 70 bpm
despite premedication. The following scanner settings were used: 270 ms
rotation time, 128� 0.625 mm collimation, tube voltage of 100–120 kVp,
and tube current of 200–300 mAs based on patient’s body mass index
(BMI). Axial images were reconstructed with 0.4 mm slice thickness using
iterative reconstruction.

Coronary CTA analysis
A single reader with 7 years of experience in cardiovascular CT imaging
(B.S.) assessed the location, morphology, and severity of coronary lesions
using an 18-segment coronary tree model.

Coronary plaque was defined on the CTA based on former publica-
tions by Mahabadi et al. and Achenbach et al.9,10 Calcified and non-calci-
fied plaques were defined as any discernible structure with a density of
>_130 and <130 Hounsfield units, respectively, which were assigned to
the vessel wall in at least two independent image planes. Coronary seg-
ments with a diameter of >1.5 mm were analysed. The reader evaluated
baseline and follow-up images simultaneously to detect changes in plaque
composition (on visual evaluation) or stenosis severity and was blinded
to patient characteristics, CTA date, comorbidities, and medical
treatment.

To quantify total CAD burden segment involvement score (SIS) (sum
of all coronary segments affected with plaque) and segment stenosis
score (SSS) (sum of coronary segments involved with plaque weighted
with stenosis severity: 0%: 0, 1–24%: 1, 25–49%: 2, 50–69%: 3, 70–99%:4,
100%: 5) were calculated in all 18 segments of all patients at baseline and
follow-up scans.6 Inter-reader reproducibility of SSS and SIS was assessed
previously.11 CAD-RADS stenosis categories (0: 0%, 1: 1–24%, 2:

25–49%, 3: 50–69%, 4A 70–99%, 4B: Left main >50% or three-vessel dis-
ease, 5: 100%) were assessed according to the CAD-RADS consensus
document.12 The presence, extent, and severity for all lesions were
entered into a structured reporting platform that automatically generated
CAD-RADS clinical recommendation (Axis, Neumann Medical Ltd.
Budapest, Hungary)12 based on these conditional inputs of the reader.

Statistical analysis
Continuous variables are presented as mean and standard deviation,
whereas categorical parameters are presented as frequency with percen-
tages. Paired sample t-test was used to compare parameters describing
coronary plaque burden of the two CTA examinations. First, we used lin-
ear regression analysis to identify predictors of annualized PP.
Furthermore, we applied a more complex approach using linear mixed
models to analyse repeated observations at non-standardized inter-
vals.13–15

By analysing intra-individual changes over time we can simultaneously
estimate the effect of a predictor on (i) overall amount of the outcome
(SSS, SIS, and CAD-RADS) and (ii) effect on annual progression rate.15,16

Using this information, the model is able to provide an estimate on the ef-
fect of a covariate on overall amount of the outcome, irrespective of time
(e.g. statin users tend to have more plaque, as statin is initiated in patients
with increased plaque burdens), but it also provides estimates on how
the covariate affects temporal changes (e.g. statin users will have slower
progression as compared to the average). This method also already
accounts for the total plaque burden at baseline, therefore no additional
adjustment is needed in the models. We calculated univariate linear
mixed models to assess the effect of each predictor on the outcome
(CAD definitions) and annual progression of the outcome. If either effect
had a P-value <0.10, we included that predictor in a multivariate model.
Clinical predictors of coronary PP were included in the models as predic-
tors with SIS, SSS, and CAD-RADS as outcomes. Inter-observer reprodu-
cibility was assessed in 25 patients by two observers using weighted
kappa. We selected five plaques per stenosis category (minimal 1–24%,
mild 25–49%, moderate 50–69%, severe 70–99%, and occluded 100%),
including one plaque per patient. The k values were interpreted as

Figure 1 Flow chart of the study. CT, computed tomography; CTA, computed tomography angiography.
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follows: 0.00–0.20 poor; 0.21–0.40 fair; 0.41–0.60 moderate; 0.61–0.80
good; and 0.81–1.00 excellent agreement.

All analyses were conducted in the R environment v3.6.1 and STATA
v13.0. A two-sided P-value smaller than 0.05 was considered statistically
significant.

Results

The baseline characteristics of the 115 enrolled patients (mean age
60.1± 9.6 years, 27% female) are summarized in Table 1. On average,
2.6 ± 1.1 years has passed between the CTA examinations. A total of
1763 coronary artery segments were evaluated at both time points.
Mean effective radiation dose was 5.07 and 5.09 mSv (P = 0.822) for
baseline and follow-up.

Characteristics of coronary PP
A total of 105 (91.3%) patients had any CAD at baseline. The remain-
ing 10 patients (8.7%) had no plaque on baseline and all developed
minimal stenosis on follow-up (CAD-RADS 1). We detected no pro-
gression of disease in 54 patients with CAD (46.7%), furthermore,
plaque regression was not observed in this patient population.

We detected a total of 397 plaques at baseline vs. 449 plaques at
follow-up in the total population. Regarding plaque types, we found
142 vs. 154 calcified, 175 vs. 203 partially calcified, and 80 vs. 92 non-
calcified plaques on baseline vs. follow-up scans, respectively.
Comparing the first and second coronary CTA images we found that
SSS, SIS, and CAD-RADS significantly increased on the follow-up
images: SSS 4.63± 4.06 vs. 5.67± 5.10, P < 0.001; SIS 3.43± 2.53 vs.
3.89± 2.65, P < 0.001; CAD-RADS 0: 8.7% vs. 0.0% 1: 44.3% vs.
40.9%, 2: 34.8% vs. 40.9%, 3: 7.0% vs. 9.6% 4: 3.5% vs. 6.1% 5: 1.7% vs.
2.6%, P < 0.001, at baseline and follow-up, respectively (see Table 2).
The average annual progression rate was 0.41± 0.62 for SSS and
0.18± 0.34 for SIS. Any progression in SSS, SIS, and CAD-RADS was
found in 53.0%, 29.6%, and 28.7% of all cases. Importantly, among
patients without progression in CAD-RADS during the follow-up
period, 34.1% and 17.1% had progression in SSS and SIS, respectively.
Of the patients who progressed based on SSS, only 54% showed
changes in CAD-RADS scores.

Representative case of CAD progression is seen on Figure 2,
changes in SSS and CAD-RADS during follow-up are summarized on
a Sankey diagram (Figure 3). SSS-based progression is depicted among
those with no changes in CAD-RADS severity on a Sankey diagram
(Figure 4).

We found excellent agreement across stenosis categories evaluat-
ing 25 plaques (5 from each stenosis category) by two observers
(weighted kappa = 0.903).

Predictors of coronary PP
Linear regression models were carried out to identify predictors of
PP described as annualized progression of SSS or SIS. Age was associ-
ated with PP based on SSS [b = 0.013, confidence interval (CI) 0.01–
0.024, P = 0.034] but showed no association with SIS progression
(P = 0.784). Importantly, none of the other predictors showed any as-
sociation with the annualized progression rate of SSS, SIS, or CAD-
RADS (all P > 0.05). However, this approach does not account for
the temporal changes of covariates over time and does not account
for the one’s baseline value, therefore we also analysed our data using
linear mixed models.

Linear mixed models for the analysis of
coronary PP and progression rate
Univariate linear mixed models showed that age and gender affect
the value of SSS and SIS in our population, whereas diabetes
increased the annual progression rate of SSS by 0.34/year (CI 0.01–
0.66; P = 0.036) (see Table 3).

On multivariate analysis, patients who smoked had significantly
increased annual progression rate of SSS by 0.37/year (CI 0.07–0.67,
P = 0.017) and higher total extent of CAD as described by SIS as
compared with non-smokers (b = 0.77, CI 0.06–1.50, P = 0.034). DM
increased the annual progression rate of SSS by 0.38/year (CI 0.07–
0.69, P = 0.016). Age and gender affected the total amount of SSS and
SIS (P <_ 0.001, all): 1-year increase in age lead to an estimated in-
crease of 0.12 (CI 0.05–0.20, P = 0.001) in SSS and 0.10 (CI 0.06–0.15,
P < 0.001) in SIS. Female gender is associated with an average of 2.86
lower SSS (CI -4.52 to -1.20, P < 0.001) and 1.68 lower SIS (CI -2.65
to -0.71, P = 0.001) than male gender. Importantly, CAD-RADS was

.................................................................................................

Table 1 Patient characteristics

Patient data Study population (N 5 115)

Age (years) 60.1 ± 9.6

BMI (kg/m2) 28.4 ± 4.2

Female gender, n (%) 27 (23.5)

Cardiovascular risk factors at baseline, n (%)

Hypertension 87 (75.7)

Diabetes mellitus 15 (13.0)

Dyslipidaemia 63 (54.8)

Smoking 13 (11.3)

Family history of premature CAD 29 (25.2)

Statin use 47 (35.7)

BMI, body mass index; CAD, coronary artery disease.

.................................................................................................

Table 2 Coronary plaque burden at baseline and
follow-up

1. Scan (n 5 115) 2. Scan (n 5 115) P-value

SSS 4.63 ± 4.06 5.67 ± 5.10 <0.001

SIS 3.43 ± 2.53 3.89 ± 2.65 <0.001

CAD-RADS severity, n (%) <0.001

0 10 (8.7) 0 (0.0)

1 51 (44.3) 47 (40.9)

2 40 (34.8) 47 (40.9)

3 8 (7.0) 11 (9.6)

4 4 (3.5) 7 (6.1)

5 2 (1.7) 3 (2.6)

CAD-RADS, Coronary Artery Disease—Reporting and Data System; SIS, seg-
ment involvement score; SSS, segment stenosis score.
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..not influenced by any cardiovascular risk factor (all P >_ 0.05).
Detailed results of multivariate analysis are summarized in Table 4.

Discussion

In our longitudinal observation cohort study, we found that age and
gender influenced the severity and the extent of CAD after correct-
ing for the effects of other conventional cardiovascular risk factors.
Smoking and DM were significant factors increasing annual progres-
sion rates of SSS, reflecting both the severity and the extent of the
disease. Importantly, among those with increased SSS and SIS on
follow-up CTA, in 46% and 41% of patients the CAD-RADS severity
classification did not change. On the other hand, none of the risk fac-
tors seem to influence CAD-RADS, the currently recommended
clinical classification framework for reporting CAD.

Coronary atherosclerosis is a dynamic and progressive disease
that may lead to the obstruction of the coronary lumen and induce is-
chaemia.17 CTA is a uniquely suited imaging modality to monitor
changes in the extent and severity of CAD and underlying plaque
composition.18 Quantifying coronary plaque burden improves risk as-
sessment using both semi-quantitative (SSS, SIS) or quantitative (volu-
metric) plaque metrics.19,20 Recent studies incorporated the degree
of stenosis, plaque morphology, and SSS for the detection of PP.
Although quantitative plaque analysis (volumetric change in atheroma
burden) is not used routinely in clinical setting, this biomarker has
been increasingly utilized for monitoring anti-atherosclerotic drug
therapy.21

Despite increasing number of studies utilizing CT imaging for the
detection of the plaque development, there are limited data on the
predictors of atherosclerosis progression. Moreover, there is a huge
variety of definitions in use to quantify CAD progression and to char-
acterize coronary atherosclerosis on CTA per se. Motoyama et al.1

defined disease progression as either an increase in stenosis by at
least 1 grade or an increase in the remodelling index ratio of >1.1,
and found that increase in plaque burden might be the strongest pre-
dictor of adverse events. In other studies, progression was defined
based on newly diagnosed cases with 50% or more coronary stenosis
by the person-years of follow-up,22 whereas Gu et al.23 used coron-
ary calcium score, SSS, and SIS for describing progression. More re-
cent investigations focused on quantitative plaque analysis and
defined PP based on volumetric changes (>_10%) compared to base-
line volume24 or simply evaluated the change in plaque volume.25

Notably, most of these changes in plaque volume are relatively small
and would not change clinical scoring systems such as SSS or CAD-
RADS classification and clinical decision-making. Other limitations of
using volumetric plaque analysis include insufficient image quality, lack
of standardized protocols regarding acquisition protocols and itera-
tive reconstruction.26,27 Furthermore, many concerns have been
raised regarding the inter-vendor, scan–rescan, inter-software, and
inter-reader variability of quantitative plaque analysis which limits its
widespread clinical use.28–30

Importantly, the methodology of the aforementioned studies dif-
fered as compared to our analysis, since we are the first to use linear
mixed models to define the effect of risk factors on CAD metrics and
the progression rate. Most of the prior studies analysed two

Figure 2 Representative case of plaque progression. A 51-year-old male patient underwent serial CTA scanning due to stable chest pain. In 2013,
the patient had one affected coronary segment (mid-LAD) with plaque. The figure shows the LAD with a non-calcified plaque leading to mild stenosis
(CAD-RADS 2, SSS 2, SIS 1). We detected coronary plaque progression on the proximal and distal LAD segment of LAD 6 years later, including de
novo calcified plaque development. The total segment involvement and segment stenosis scores were both higher on follow-up (SSS 4 and SIS 3),
however, based on the worst stenosis CAD-RADS score of 2 was assigned. CAD-RADS, Coronary Artery Disease—Reporting and Data System;
LAD, left anterior descending artery; LCX, Left circumflex artery; SIS, segment involvement score; SSS, segment stenosis score.
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timepoints defining progression as the change in mean values of pla-
que parameters of a given population, but this approach might not ac-
count for the one’s baseline value (i.e. individuals with more plaque
may progress faster unless normalizing for the baseline plaque vol-
ume) or the possible changes in covariates over time (i.e. someone
may develop DM over the follow-up period). Moreover, some stud-
ies enrolled patients with non-standardized follow-up times for serial
scanning, which—also based on our observation of PP rate—can sig-
nificantly influence results. Linear mixed models provide flexible

modelling of intra-subject changes and enable to assess overall and in-
dividual patterns in time. This method enables to assess the impact of
predictors in both timepoints on the outcomes.15

To incorporate the main findings of coronary CTA in a unified and
standardized framework, experts of the field have proposed the use
of the CAD-RADS classification in clinical practice. Maroules et al.31

found high inter-observer agreement for both experienced and
early career readers when assessing CAD-RADS categories, except
for vulnerability. Importantly, the currently used CAD-RADS

Figure 3 Sankey diagram depicting coronary plaque progression based on SSS and CAD-RADS. Patient-based progression of coronary athero-
sclerosis using SSS and CAD-RADS severity is depicted on the Sankey diagram. This type of flow diagram depicts the number of patients with pro-
gression during follow-up, where the width of the arrow is proportional to the flow rate (number of patients). No progression was found in 54
patients’ SSS and in 82 patients’ CAD-RADS during the follow-up period (marked with light blue). The number of patients with increase in SSS and
CAD-RADS are depicted at 1, 2, and >_3 years based on serial CTA imaging (orange). CAD-RADS substantially underestimates changes in disease se-
verity and extent of CAD. During the follow-up period we could identify three patients with SSS increase at 1 year (rapid progression of CAD),
whereas most patients progressed later at 3 or more years. CAD-RADS, Coronary Artery Disease—Reporting and Data System; SSS, segment sten-
osis score.

Figure 4 Sankey diagram depicting coronary plaque progression based on SSS among those with no progression in CAD-RADS classification for
lesion severity. A total of 82 patients in our study did not progress based on CAD-RADS severity, although a large proportion of patients demon-
strated coronary plaque progression based on SSS. Increasing number of patients developed higher stenosis scores during follow-up period: 2
patients had higher SSS at 1 year, 9 patients had higher SSS at 2 years, and 17 patients had higher SSS at 3 years or more. Four patients had substantial
increase in SSS (three or more) despite no changes in CAD-RADS classification. SSS, segment stenosis score.
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.
classification scheme only describes the plaque with the largest de-
gree of stenosis and does not account for the extent of disease. For
example, patients with mild or moderate stenosis (CAD-RADS cat-
egory 2 or 3)—who are classified as non-obstructive patients—could
also demonstrate extensive CAD affecting more than four coronary
segments. Bittencourt et al.32 demonstrated that extensive, but non-
obstructive CAD patients have comparable risk profile as those with
obstructive CAD. CAD burden scores (SSS and SIS) used in current
study also incorporate the number of segments affected with plaques.
Figure 2 shows a representative case of our study highlighting the im-
portance of using different scores when describing PP. In this case,
the patient had de novo plaques on two additional segments whereas
the CAD-RADS category remained the same and thus might create
the false impression that CAD did not progress throughout the years.
Coronary PP is a strong prognosticator of events and therefore
should also be implemented in CAD-RADS recommendation.
Proper risk assessment is crucial to better define a subset of patients
who require a more aggressive secondary prevention therapy or
downstream testing.

We detected substantial changes in SSS and SIS during follow-up
imaging; however, the CAD-RADS classification was not able to iden-
tify changes in the extent and severity of CAD and thus might not
recognize increased risk for future events. CAD-RADS classification
has been proposed to guide further testing and secondary prevention
therapy; however, based on our data, it would miss almost every se-
cond patient with increased plaque severity or extent which have
been previously shown to increase adverse events. The use of CAD-
RADS underestimates coronary PP as it heavily focuses on the worst
plaque of a given patient and only includes three-vessel obstructive
>_70% disease in grade 4B when assessing plaque burden. Coronary
CTA provides, however, rich information on the distribution, extent,
and vulnerability of coronary atherosclerosis. The novel version of
the classification scheme could improve risk assessment by combin-
ing the stenosis severity and plaque burden, moreover, experts of
the field also suggested adding flow-limiting lesions and coronary ar-
tery calcium score information as well. Further outcome studies are
warranted to evaluate the prognostic value of the current CAD-
RADS classification and possible future versions in terms of plaque
severity vs. the extent of CAD. Also, PP should be included in the
classification and its predictive value should be tested in large con-
temporary cohort of outpatients with stable angina.

Prior investigations report conflicting results regarding the predic-
tors of PP, which might originate from the differences in the definition
of progression and the use of CAD scoring systems. Increased PP
might be promoted by male gender, obesity, high low-density lipo-
protein cholesterol level, DM, and smoking.33,34 Among conventional
cardiovascular risk factors, DM, BMI, and smoking induced PP in
other studies.35,36 Smoking can promote atherogenesis involving
pathways of inflammation, endothelial dysfunction, platelet function,
cholesterol metabolism, and thrombotic factors.37–39 We also found
that male gender was associated with larger SSS and SIS, moreover,
patients who smoked had larger extent of CAD. Among cardiovascu-
lar risk factors smoking and DM were related to the progression rate
of SSS using linear mixed models.

We acknowledge the limitations of our study. First, we retrospect-
ively analysed patients who underwent serial CTA at a single tertiary
centre for Cardiology with different time interval between the two
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.
coronary CTA examinations. We therefore used linear mixed mod-
els that account for differences in follow-up times and provide
detailed information on the factors of PP. Another limitation is the in-
cidental statin use without routine cholesterol measurements and
strict control of adherence to the drug. Also, prospective, multi-
centre trials are warranted to analyse whether the observed discrep-
ancies between different CAD definitions could influence patient
outcomes. Furthermore, smoking was defined as prior tobacco use
within 1 year prior CTA reflecting current smoking and not life-long
accumulated hazards of smoking.

Conclusion

CAD-RADS did not capture the progression of CAD in almost half
of stable angina patients with serial CT imaging. Age and gender influ-
enced segment stenosis and plaque extent as described by segment
stenosis and involvement scores. Smoking and diabetes affected the
progression rate of PP based on SSS. Differences in CAD definitions
may lead to significant differences in patients who are considered to
progress. Therefore, unified plaque metrics are needed that are cap-
able to properly describe the extent and severity of CAD for CT-
based risk prediction and clinical management.
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Association between coronary
plaque volume and myocardial
ischemia detected by dynamic
perfusion CT imaging
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Milán Vecsey-Nagy1, Ádám L. Jermendy1, Ferenc I. Suhai1,
Pál Maurovich-Horvat1,2, Béla Merkely1, Márton Kolossváry1

and Bálint Szilveszter1*
1Cardiovascular Imaging Research Group, Heart and Vascular Center, Semmelweis University,
Budapest, Hungary, 2Medical Imaging Center, Semmelweis University, Budapest, Hungary

Introduction: We aimed to evaluate the relationship between quantitative

plaque metrics derived from coronary CT angiography (CTA) and segmental

myocardial ischemia using dynamic perfusion CT (DPCT).

Methods: In a prospective single-center study, patients with > 30% stenosis

on rest CTA underwent regadenoson stress DPCT. 480 myocardium segments

of 30 patients were analyzed. Quantitative plaque assessment included total

plaque volume (PV), area stenosis, and remodeling index (RI). High-risk plaque

(HRP) was defined as low-attenuation plaque burden > 4% or RI > 1.1.

Absolute myocardial blood flow (MBF) and relative MBF (MBFi: MBF/75th

percentile of all MBF values) were quantified. Linear and logistic mixed

models correcting for intra-patient clustering and clinical factors were used

to evaluate the association between total PV, area stenosis, HRP and MBF or

myocardial ischemia (MBF < 101 ml/100 g/min).

Results: Median MBF and MBFi were 111 ml/100 g/min and 0.94, respectively.

The number of ischemic segments were 164/480 (34.2%). Total PV of all

feeding vessels of a given myocardial territory differed significantly between

ischemic and non-ischemic myocardial segments (p = 0.001). Area stenosis

and HRP features were not linked to MBF or MBFi (all p > 0.05). Increase

in PV led to reduced MBF and MBFi after adjusting for risk factors including

hypertension, diabetes, and statin use (per 10 mm3; β = −0.035, p < 0.01 for

MBF; β = −0.0002, p < 0.01 for MBFi). Similarly, using multivariate logistic

regression total PV was associated with ischemia (OR = 1.01, p = 0.033; per

10 mm3) after adjustments for clinical risk factors, area stenosis and HRP.

Conclusion: Total PV was independently associated with myocardial ischemia

based on MBF, while area stenosis and HRP were not.

KEYWORDS

dynamic perfusion CT, myocardial blood flow, coronary computed tomography,
coronary plaque volume, quantitative plaque analysis
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Introduction

Currently luminal stenosis is the most dominant factor
in the management of coronary artery disease (CAD)
(1). Quantitative plaque assessment and adverse plaque
characteristics may further improve cardiovascular risk
prediction and patient management (2). Furthermore,
anatomical and functional assessment of CAD could also
improve clinical outcomes (3), however, the link between
stenosis severity and myocardial ischemia is controversial (4).

CT angiography (CTA) is a uniquely suited imaging
modality that can simultaneously evaluate plaque morphology
and ischemia (5). Also, CTA allows accurate characterization
and quantification of coronary plaques over stenosis assessment.
Moreover, myocardial dynamic perfusion CT (DPCT) provides
functional data and can quantitatively assess myocardial
perfusion during pharmacological stress (6).

Former observational studies evaluated the link between
coronary plaque burden and global myocardial ischemia using
qualitative/visual assessment by either static CT perfusion
(CTP) (7), stress echocardiography (8) or SPECT (9). Based
on these studies, whether stenosis severity, adverse plaque
features or coronary plaque burden is predictive for ischemia
remains uncertain. Also, it is unknown whether quantitative
plaque characterization can predict segmental ischemia as
assessed by quantitative DPCT imaging. Previous studies
exclusively reported vessel-based data, however, we applied a
novel segment-based analysis considering only coronary lesions
corresponding to myocardial territories.

Our aim was to elucidate the association between
quantitative atherosclerotic plaque metrics derived from
coronary CTA and segmental myocardial ischemia based on
myocardial blood flow (MBF) as detected by DPCT imaging.

Materials and methods

Study population and protocol

Patients with stable chest pain and > 30% coronary stenosis
detected on rest CTA were screened for our prospective, single-
center study. Inclusion criteria were at least 30% stenosis
in one of the main coronary arteries and excellent image
quality for the quantitative analysis of the whole coronary
tree. Exclusion criteria were prior myocardial infarction or
revascularization, heart transplantation, contraindication to
regadenoson or low image quality for quantitative assessment
of coronary lesions. Regadenoson stress DPCT was performed
at a separate appointment after written informed consent was
obtained from all patients. Subjects with low image quality for
the assessment of myocardial ischemia were excluded (n = 1).
Patients were enrolled in the analysis if found eligible based on

inclusion and exclusion criteria. Flow chart of the study is shown
in Figure 1.

The study was approved by the national ethical
committee (National Institute of Pharmacy and Nutrition—
OGYÉI/719/2017) and was performed in accordance with the
Helsinki declaration.

Demographic data and comorbidities were collected
by reviewing patients’ medical records. Hypertension
was determined as systolic blood pressure > 140 mmHg
and/or diastolic blood pressure > 90 mmHg based on office
measurements or the use of antihypertensive therapy. Diagnosis
of hyperlipidemia was based on total cholesterol level > 200
mg/dL or the administration of lipid-lowering medication.
Diabetes mellitus was defined as elevated plasma glucose levels
(fasting plasma glucose ≥ 126 mg/dL; HbA1C ≥ 6.5%) or the
use of antidiabetic medication or insulin therapy.

Coronary CT angiography protocol

Prospectively triggered CTA scan of the heart was
performed according to the guidelines of the Society of
Cardiovascular Computed Tomography (SCCT) with a 256-
slice multidetector row CT (Brilliance iCT, Philips Healthcare,
Cleveland, OH, United States) (10). Per os beta blocker was
administered 1 h prior examination if the heart rate (HR) was
above 65 beats/min. All patients received 0.8 mg of sublingual
nitroglycerine before CTA scanning if systolic blood pressure
was > 100 mmHg, and in case of HR > 60 beats per minute
intravenous beta blocker was additionally administered. Image
acquisition was performed at diastole (75–81% of the R–R
interval) or at systole (37–43% of the R–R interval) in case of
HR > 70 beats per minute despite premedication. The following
scan parameters were applied: 270 ms gantry rotation time,
128 × 0.625 mm collimation, tube voltage 100–120 kVp, and
tube current 200–300 mAs based on patient’s body mass index
(BMI). A four-phasic contrast injection protocol was used with
85–95 ml contrast agent at a flow rate of 4.5–5.5 ml/s. Axial
images were reconstructed with 0.6 mm slice thickness using
iterative reconstruction (iDose4 Level 5, Philips Healthcare,
Cleveland, OH, United States).

Dynamic perfusion CT protocol

Stress DPCT scan was performed after rest CTA at a
separate appointment with the same scanner. Hyperemia was
induced using single dose of 400 µg intravenous regadenoson
(Rapiscan R©, GE Healthcare) (11). Stress acquisition was
performed during a single breath-hold in inspiration, 1 min
after bolus regadenoson was administered during peak stress
covering 25–30 cardiac cycles (12). Patients’ HR, oxygen
saturation and blood pressure were monitored to confirm
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FIGURE 1

Flow-chart of the study. CAD, Coronary artery disease; CTA, CT angiography; DPCT, Dynamic perfusion CT; MBF, Myocardial blood flow.

appropriate levels of stress for CTP imaging. Contrast
injection protocol included 50–60 ml contrast bolus at an
infusion rate of 5 ml/s, followed by 30 ml saline chaser.
Prospective electrocardiogram (ECG)-gated dynamic mode
(with 64 × 1.25 mm collimation, 360◦ reconstruction, 8 cm
coverage) was acquired in systolic phase (35% of the RR
interval), with tube voltage of 80–120 kVp and tube current
of 100–250 mAs based on patient’s BMI. Images were
reconstructed using hybrid iterative reconstruction (iDOSE4
level 5, Philips Healthcare, Cleveland, OH, United States) with
2.0 mm slice thickness and 2.0 mm increment.

Quantitative plaque analysis

Coronary artery segments were defined using an 18-
segment model as recommended by the SCCT guidelines (10).
CTA images were transferred into a dedicated software tool
(QAngioCT Research Edition v3.1; Medis Medical Imaging
Systems, Leiden, The Netherlands) for quantitative plaque
analysis. Images were analyzed by a single reader (BV, 3 years
of experience with cardiac CT) blinded to patient’s data and

perfusion parameters. The software automatically extracted the
coronary tree. All coronary vessels with a diameter > 1.5 mm
were evaluated. After automatic contouring of the lumen and
vessel wall, manual correction was performed—if needed—
in both longitudinal and cross-sectional views at 0.5 mm
increments. The proximal and distal borders of coronary
plaques were defined for quantification. Coronary plaque was
defined on the CTA based on former publications (13). Chronic
total occlusions were not present in current patient population.
Plaque composition was determined using fixed thresholds: low-
attenuation plaque (LAP): −100–30 HU; non-calcified plaque
(NCP): 31–350 HU; calcified plaque (CP): ≥ 351 HU. Volumes
of total plaque, LAP, NCP and CP were calculated. LAP
burden defined as the ratio of LAP volume and vessel volume
(LAP volume × 100%/vessel volume) was also determined.
Lumen area stenosis was defined at the site of the maximal
luminal stenosis of the coronary plaque. Remodeling index
(RI) was calculated as the ratio of the vessel wall area
at the site of the maximal luminal narrowing and the
reference vessel wall area. High-risk plaque (HRP) was defined
based on quantitative LAP burden > 4% or a RI > 1.1
(2, 14).
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FIGURE 2

Integration of coronary anatomy and myocardial territories. Vessel territories were defined based on the modified method after Cerci et al. for
LM, LAD, LCX, and RCA. The following categories were determined for myocardial segments: primary—most commonly supplied territories in
case of right dominance; secondary—might be supplied territories in case of normal variations; tertiary—usually not supplied territories. In
addition, coronary segment-based analysis was also used, taking lesion location into account. For that, basal segments were aligned with
proximal, mid segments with proximal and mid, and apical segments with proximal, mid and distal coronary segments. LAD, Left anterior
descending; LCX, Left circumflex; LM, Left main; RCA, Right coronary artery.

Myocardial perfusion analysis

DPCT images were analyzed using a dedicated software
(Intellispace Portal; Philips Healthcare, Cleveland, OH,
United States). Elastic registration and temporal filtering
were applied for motion artifact reduction. Time-attenuation
curves (TAC) created in the left ventricular outflow tract
were used as arterial input function for perfusion analysis.
Short-axis views were created for the assessment of the left
ventricular myocardial tissue. MBF was computed applying
a hybrid deconvolution method (12). The assessment
of MBF was obtained by two readers (B.V and S.B, 3
and 4 years of experience with cardiac CT) in random
order blinded to plaque data and patient characteristics.
A ROI > 0.5 cm2 was set in each myocardial segment
(intramural) using a 16-segment model excluding the apex
carefully avoiding any artifacts on short-axial images (15).
Segmental myocardial ischemia was defined as MBF < 101
ml/100 g/min based on Pontone et al. (16). In addition,
relative MBF (MBFi) for each segment was also calculated
as the ratio of absolute MBF to reference MBF, latter
defined as the 75th percentile of all MBF values of a given
patient (17).

Integration of coronary anatomy and
myocardial territories

Coronary lesions were assigned to the corresponding
myocardial segment based on the modified method after
Cerci et al. for the CORE320 (Coronary Artery Evaluation
Using 320-Row Multidetector CTA) trial (18). Former
studies performed vessel-based analysis for the alignment
of myocardial territories and supplying vessels. For our
segment-based approach, we defined all coronary artery
segments that supply a given myocardial segment of
the 16 analyzed segments based on dominance, segment
location in relation to basal, mid-ventricular or apical
regions (Figure 2).

After the adjudication was performed by B.S.,—with 8 years
of experience in cardiac imaging—volumes for total, NCP
and CP of all relevant supplying coronary segments were
summed for each myocardial segment. LAP burden was also
calculated from the summed LAP and vessel volume. If
LAP burden exceeded 4% of all plaque supplying a given
segment, or the highest RI of the corresponding lesions
was > 1.1, we marked as HRP. Summed plaque volumes
(PVs), the highest degree of lumen area stenosis and HRP

Frontiers in Cardiovascular Medicine 04 frontiersin.org

https://doi.org/10.3389/fcvm.2022.974805
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-974805 September 2, 2022 Time: 14:14 # 5

Vattay et al. 10.3389/fcvm.2022.974805

(LAP burden > 4% or a RI > 1.1) of the supplying
coronary segments were analyzed for the corresponding
myocardial segment.

Statistical analysis

Continuous variables are presented as mean and standard
deviation, whereas categorical parameters are presented as
frequency with percentages. Independent t-test was used
to compare parameters describing coronary plaque burden
between ischemic and non-ischemic segments. Pearson
correlation was used to define the association between
total, NCP and CP volumes. Linear and logistic mixed
models correcting for intra-patient clustering and clinical
factors were used to assess the association between total
PV, maximal area stenosis, quantitative HRP features and
absolute MBF, MBFi or myocardial ischemia using 101 ml/100
g/min as cut-off value for MBF. Models were adjusted for
predefined clinical risk factors of CAD and possible modifiers
of ischemia including hypertension, diabetes mellitus and
statin therapy.

Intraclass correlation coefficient (ICC) of MBF was
calculated for 160 segments of 10 randomly selected patients
between two readers with 3 or more years of experience in
cardiac CT imaging (BV and SB). ICC values greater than
0.80 were considered good, values above 0.90 were considered
to have excellent reproducibility. Also, reproducibility of
quantitative plaque assessment was evaluated between two
independent readers based on 10 plaques of randomly selected
patients. All statistical analyses were performed using SPSS
(version 24.0) and R software (version 3.6.1). P < 0.05 was
defined as statistically significant.

Results

Patient characteristics

The baseline characteristics of the 30 analyzed patients
(mean age 60.9 ± 8.3 years, 26.7% female, mean BMI
28.9 ± 3.8 kg/m2) are summarized in Table 1. Common
comorbidities were hypertension (76.7%) and dyslipidemia
(76.7%).

On average, 13.0 ± 8.6 days have passed between the two
examinations. Mean effective radiation dose was 4.4 ± 1.1 mSv
for rest CTA and 8.9 ± 4.0 mSv for DPCT. A total of 496
coronary artery segments and 480 myocardial segments were
evaluated quantitatively. ICC between readers was 0.96 and 0.93
for MBF and total PV, respectively.

TABLE 1 Patient characteristics.

Patient population N = 30

Age, years 60.9± 8.3

Male gender, n (%) 22 (73.3)

BMI, kg/m2 28.9± 3.8

Hypertension, n (%) 23 (76.7)

Diabetes mellitus, n (%) 2 (6.7)

Dyslipidemia, n (%) 23 (76.7)

Smoking, n (%) 16 (53.3)

Cerebrovascular disease, n (%) 1 (3.3)

Peripheral artery disease, n (%) 3 (10.0)

Family history of premature CAD, n (%) 9 (30.0)

Oral anticoagulant therapy, n (%) 6 (20.0)

Statin therapy, n (%) 16 (53.3)

ACE-I/ARB therapy, n (%) 18 (60.0)

Beta-blocker therapy, n (%) 15 (50.0)

Continuous variables are described as mean ± SD, whereas categorical variables are
represented as frequencies and percentage.
ACE-I, Angiotensin-converting-enzyme inhibitor; ARB, Angiotensin receptor blocker;
BMI, Body mass index; CAD, Coronary artery disease.

Plaque characteristics and segmental
myocardial ischemia

Total PV, NCP volume, and CP volume differed significantly
between ischemic and non-ischemic myocardial segments,
120.5 ± 119.5 mm3 vs. 84.6 ± 82.2 mm3, p = 0.001;
62.3 ± 59.5 mm3 vs. 51.4 ± 54.9 mm3, p = 0.045;
58.3 ± 91.8 mm3 vs. 33.3 ± 50.6 mm3, p = 0.001;
respectively (Table 2). Median and interquartile range (IQR)
of PVs for ischemic and non-ischemic myocardial segments
were: total PV: 82.9 (31.1–179.6) vs. 68.7 (25.8–114.7) mm3;
NCP volume: 46.1 (24.3–93.7) vs. 31.6 (12.4–73.8) mm3; CP
volume: 15.9 (0.1–78.2) vs. 17.3 (2.2–46.1) mm3. Figure 3
demonstrates box plots of quantitative PVs in coronary
segments supplying ischemic and non-ischemic myocardial
segments. On a patient level, the average of maximal lumen
area stenosis of the worst lesion was 54.7 ± 15.9%. On a
segmental level, the average of the maximal lumen area stenosis
was 37.2 ± 22.7% for ischemic and 33.5 ± 20.7% for non-
ischemic myocardial segments (p = 0.072). HRP was present
in 21.3% in ischemic and 19.0% in non-ischemic territories
(p= 0.539).

Number of ischemic segments were 164/480 (34.2%).
Median MBF was 111 ml/100 g/min, while median MBFi
was 0.94.

Total PV strongly correlated with NCP volume (r = 0.73,
p < 0.001) and CP volume (r = 0.83, p < 0.001), we therefore
included total PV in the multivariate prediction models to avoid
multicollinearity.
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TABLE 2 Coronary plaque characteristics in ischemic and non-ischemic myocardial segments.

Ischemic myocardial
segments N = 164

Non-ischemic myocardial
segments N = 316

P

Total plaque volume, mm3 120.5± 119.5 84.6± 82.2 0.001

NCP volume, mm3 62.3± 59.5 51.4± 54.9 0.045

CP volume, mm3 58.3± 91.8 33.3± 50.6 0.001

High-risk plaque, n (%) 35 (21.3) 60 (19.0) 0.539

Lumen area stenosis,% 37.2± 22.7 33.5± 20.7 0.072

Myocardial ischemia was defined as MBF < 101 ml/100 g/min. Continuous variables are described as mean ± SD, whereas categorical variables are represented as frequencies and
percentage.
Bold values indicate significant differences based on the p-values.
CP, Calcified plaque; MBF, Myocardial blood flow; NCP, Non-calcified plaque.

FIGURE 3

Box plots showing the distribution of total, non-calcified and calcified plaque volumes related to ischemic and non-ischemic myocardial
segments based on DPCT (MBF < 101 ml/100 g/min vs. ≥ 101 ml/100 g/min). DPCT, Dynamic perfusion CT; MBF, Myocardial blood flow.

Predictors of absolute and relative
myocardial blood flow

Using linear mixed models, univariate analysis revealed
that total PV predicted both absolute and relative MBF
values (Table 3). Clinical risk factors (including hypertension,
diabetes mellitus, and statin use), HRP and stenosis severity
were not associated with impaired myocardial perfusion based
on MBF and MBFi.

On multivariate analysis, total PV increase led to reduced
absolute and relative MBF values even after adjusting for clinical
risk factors, lumen area stenosis and HRP features: per 10 mm3;
β = −0.035, p < 0.01 for MBF and β = −0.0002, p < 0.01
for MBFi. Notably, lumen area stenosis and quantitative HRP
features were not linked to absolute or relative MBF values (all
p > 0.05).

Predictors of myocardial ischemia
based on myocardial blood flow
threshold

On univariate logistic regression total PV and lumen area
stenosis were significant predictors of myocardial ischemia
based on MBF < 101 ml/100 g/min (Table 4). After adjusting
for predefined clinical risk factors, stenosis severity and

HRP, increase in total PV was independently associated with
myocardial ischemia: OR: 1.01, p = 0.033 (per 10 mm3).
However, on multivariate analysis HRP feature and lumen area
stenosis were not linked to ischemia (both p > 0.05).

Discussion

We used a novel approach to define the contribution of
coronary PV to limited flow (ischemia) of all feeding coronary
segments considering only coronary lesions prior to a given
myocardial territory. We established that total PV influenced
myocardial perfusion on a segmental level, independent from
stenosis severity, HRP and risk factors. Moreover, maximal
luminal area stenosis and the presence of HRP were not linked
to myocardial ischemia based on MBF. Reproducibility was
excellent for the evaluation of MBF or total PV.

While there are several alternative imaging modalities to
analyze the hemodynamic consequence of coronary plaques, CT
is the only non-invasive modality for the combined assessment
of morphology and function of CAD. CT can provide several
additional anatomical parameters that could be incremental
as compared with traditional evaluation focusing on luminal
stenosis or lesion length. In agreement with our findings,
total PV was linked to visual perfusion defects as assessed by
SPECT (9, 19). Liu et al. also reported that low-density PV
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TABLE 3 Univariate analysis of the predictors of absolute and relative myocardial blood flow (MBFi) detected by DPCT using linear mixed models.

Predictors Absolute MBF detected by DPCT Relative MBF detected by DPCT

Univariate model Univariate model

β 95% CI P β 95% CI P

Total plaque volume, per 10 mm3 -0.025 -0.043—0.007 0.006 -0.0002 -0.0003—0.0001 0.004

NCP volume, per 10 mm3
−0.025 −0.053–0.003 0.079 −0.0002 −0.0004–0.0000 0.077

CP volume, per 10 mm3 -0.046 -0.078—0.014 0.005 -0.0002 -0.0004—0.00006 0.008

Remodeling index 1.934 −2.427–6.295 0.384 0.003 −0.029–0.036 0.838

High-risk plaque 1.952 −1.767–5.672 0.303 0.018 −0.009–0.045 0.191

Lumen area stenosis −4.479 −12.008–3.050 0.243 −0.042 −0.093–0.009 0.108

Age, years −0.172 −1.208–0.864 0.736 0.0006 −0.001–0.002 0.463

BMI, kg/m2
−0.791 −3.037–1.455 0.477 0.004 0.0007–0.007 0.017

Hypertension −1.482 −21.491–18.527 0.881 0.010 −0.019–0.039 0.491

Diabetes mellitus 1.542 −32.393–35.478 0.926 0.018 −0.031–0.068 0.456

Smoking 1.536 −15.424–18.496 0.854 0.013 −0.011–0.038 0.274

Statin therapy −3.201 −20.127–13.724 0.701 −0.005 −0.030–0.020 0.658

Bold values indicate significant differences based on the p-values.
CP, Calcified plaque; BMI, Body mass index; DPCT, Dynamic perfusion CT; MBF, Myocardial blood flow; MBFi, Myocardial blood flow index; NCP, Non-calcified plaque.

TABLE 4 Univariate logistic regression analysis of the predictors of
myocardial ischemia detected by DPCT.

Myocardial ischemia
Predictors detected by DPCT

Univariate model

OR 95% CI P

Total plaque volume, per 10 mm3 1.01 1.002–1.012 0.003

NCP volume, per 10 mm3 1.01 1.004–1.018 0.002

CP volume, per 10 mm3 1.01 0.997–1.015 0.172

Remodeling index 1.14 0.422–3.059 0.801

High-risk plaque 0.79 0.333–1.890 0.601

Lumen area stenosis 8.05 1.340–48.333 0.023

Age, years 1.03 0.839–1.268 0.770

BMI, kg/m2 1.26 0.787–2.019 0.335

Hypertension 2.86 0.046–177.116 0.617

Diabetes mellitus 1.74 0.003–883.279 0.861

Smoking 0.96 0.031–29.434 0.982

Statin therapy 4.06 0.108–152.174 0.448

Myocardial ischemia was defined as MBF < 101 ml/100 g/min.
Bold values indicate significant differences based on the p-values.
CP, Calcified plaque; BMI, Body mass index; DPCT, Dynamic perfusion CT; MBF,
Myocardial blood flow; NCP, Non-calcified plaque.

and diameter stenosis were also independently associated with
myocardial ischemia. Driessen et al. evaluated 208 patients
who underwent (15O) H2O PET-MPI and coronary CTA and
found that plaque length and volume were inversely associated
with MBF in a sub-study of the PACIFIC trial (20). Moreover,

this study suggested a link between decreased flow and NCP
volume or positive remodeling in a vessel-based analysis. The
multicenter CORE 320 study demonstrated that combined CTA
and CTP has excellent diagnostic performance to detect flow-
limiting lesions (more than 50%) by invasive angiography
and perfusion defects by SPECT. van Rosendael et al. utilized
static stress CTP in a total of 84 patients to evaluate the
relationship between morphological plaque features and visual
perfusion deficits (7). Interestingly, increasing stenosis severity
and lesion length were predictors of ischemia, however PVs
were not. Previous studies examining the association between
PV and ischemia in stable angina patients reported highly
variable mean values for total PV: 69.0 ± 16.8 mm3 vs.
49.6 ± 17.2 mm3 by van Rosendael et al. (7), 114 ± 118
mm3 vs. 62 ± 89 mm3 by Diaz-Zamudio et al. (9), and
694.6± 485.1 mm3 vs. 422.3± 387.9 mm3 by Min et al. (21), for
ischemic and non-ischemic myocardial territories, respectively.
In our current study, total PV for ischemic segments were
120.5 ± 119.5 mm3 while for non-ischemic segments it was
84.6± 82.2 mm3.

As highlighted above, there are conflicting results on
whether luminal narrowing, plaque composition and
vulnerability or plaque burden precipitate ischemia. This
could originate from the high inter-vendor, inter-scanner, inter-
protocol variability of coronary plaque assessment and from
the methodology used for the characterization of ischemia. To
our knowledge, there are currently no studies evaluating both
myocardial ischemia and CAD quantitatively, on a segment
level using CT imaging. Also, most of the former studies used
visual assessment for detecting perfusion defects. However,
quantitative methods are more reproducible and might provide
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FIGURE 4

Comprehensive plaque assessment and the evaluation of myocardial ischemia based on CT images. A representative case of our study depicts
the images of a 62-year-old male patient who underwent coronary CTA and DPCT imaging for the evaluation of CAD and corresponding
myocardial ischemia. In this case, plaques were detected and quantified in the proximal LAD (LAD1), mid-LAD (LAD2) and proximal RCA
(RCA1 + RCA2) coronary segments. All coronary plaques based on their location were matched for a given myocardial territory. MBF was
quantified for all 16 myocardial segments using DPCT images. By creating a myocardial vessel territory map for each coronary segment, we
could derive the total plaque volume that possibly influences the blood flow quantified as MBF on DPCT to any of the 16 analyzed LV territories
(see Figure 2 for segmental classification). In this case, basal anterior (1) and basal anteroseptal (2) myocardial segments were influenced by the
proximal LAD (LAD1) lesion, while the mid anterior (7), mid anteroseptal (8), apical anterior (13), and apical septal (14) myocardial segments were
affected by two lesions: LAD1 and LAD2 (mid LAD segment) as they are located more distally. No plaques were present in the LCX. Regarding
the RCA, two plaques were detected in the proximal RCA segment (RCA1 and RCA2), therefore all myocardial segments corresponding to the
RCA were influenced by two plaques (RCA1 and RCA2). Plaque volumes of the lesions aligned for a given myocardial segment were summed
and accounted for in the analysis, while the highest degree of lumen area stenosis of the corresponding lesions was included in the analysis.
Light blue color indicates LV segments related to proximal LAD lesion, dark blue color indicates LV territories related to both proximal and
mid-LAD lesions, whereas green color shows myocardial territories corresponding to the RCA lesions. LCX demonstrated no coronary lesions.
ROI-s were placed in each myocardial segment on short-axial images. CAD, Coronary artery disease; CTA, CT angiography; DPCT, Dynamic
perfusion CT; LAD, Left anterior descending; LCX, Left circumflex; LV, Left ventricle; MBF, Myocardial blood flow; RCA, Right coronary artery.

a more detailed analysis of LV blood flow based on different
perfusion markers. One of the largest challenges is the precise
alignment of a myocardial territory to its feeding vessels. The
most common approach is to calculate an accumulated PV for a
given vessel, however this could not tailor unique variations in
coronary anatomy and lesions on the distal coronary segments
should not be taken into consideration when assessing perfusion
in the basal myocardium. Authors of the CORE320 trial sought
to assign coronary lesions to the corresponding myocardial
segment taking anatomical variations and coronary dominance
into account (18). For our segment-based approach, we defined
all coronary artery segments that supply a given myocardial
segment (16-segment model) based on dominance, segment
location in relation to basal, mid-ventricular or apical regions
(Figure 2). A representative case and the detailed description
of our methodology are demonstrated on Figure 4. Using this
approach, we aimed to overcome a main limitation of former
studies which performed vessel-based analysis when evaluating
ischemia. However, a distally localized lesion in the coronary
vessel does not limit the flow of the most basal segments
and this could substantially influence the results. Also, apical
region of the heart can be supplied by several contributing

vessel segments and therefore all of the lesions should be taken
into consideration.

The discordance between stenosis severity and ischemia has
been reported using both non-invasive and invasive methods. As
previously described by Schuijf et al. in patients with obstructive
CAD detected on coronary CTA, only 50% had ischemia using
SPECT, while ischemia was detected in 15% of patients without
obstructive CAD (4). Similarly, in the FAME study discrepancy
was identified between anatomic and functional stenosis severity
assessed by invasive angiography and FFR (22). Despite these
findings, our current clinical management heavily relies on
treating coronary lesions based on ischemic burden. However,
total coronary plaque burden might step forward as the target
of early interventions to stabilize HRPs, reduce the progression
of coronary PV and luminal stenosis and thus ultimately to
prevent adverse events.

Conflicting results regarding the relationship of plaques
and ischemia may originate from the different capabilities
of the modality utilized in the trials. CT has several
advantages as compared with other techniques such as better
spatial resolution, robust plaque assessment and reproducible
quantitative measures of perfusion. CT imaging can define the
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hemodynamic significance of CAD by defining either lesion-
specific ischemia using CT derived fractional flow reserve (FFR)
or global ischemia on DPCT imaging. Radiation dose however
still limits its use—especially using dynamic CT protocols—for
a large subset of patients. Growing body of evidence suggests
that anatomical information derived from CTA outperforms
traditional ischemia testing for defining lesion-specific ischemia
as obtained from invasive FFR. The CREDENCE trial
demonstrated a strong association between atherosclerotic PVs,
lumen size and invasive FFR (23). Our study provides unique
insight in the interplay of coronary plaque burden, stenosis
severity, HRP anatomy and corresponding myocardial ischemia
on CTA. While HRP was linked to lesion-specific ischemia
based on several trials (24), we did not see an association
with reduced MBF on a segmental level. We found that
considering all possible plaque on the feeding vessels of a given
myocardial territory, total PV aggravates MBF or MBFi (per
10 mm3; β = −0.035, p < 0.01 for MBF and β = −0.0002,
p < 0.01 for MBFi). This observation seems valid across
different stages of stenosis severity and thus detailed plaque
quantification could effectively guide secondary prevention
therapy in a large spectrum of contemporary chest pain patients.
Integrating plaque burden in the clinical CTA reports and thus
in personalized patient management should be in the focus
rather than luminal narrowing per se.

We acknowledge the limitations of our study. First, the
sample size is limited after excluding patients with non-
diagnostic image quality for quantitative plaque analysis or
patients without intermediate stenosis. Excellent image quality
is a prerequisite for quantitative plaque analysis. This could
result in selection bias for our analysis. Quantitative plaque
analysis is time-consuming and currently only a research
tool, not used in routine clinical practice. However, experts
of the field underline its role in risk prediction and tools
are being developed for automated quantification in the near
future. Also, our study is underpowered for the assessment of
gender differences in CAD and corresponding ischemia or for
outcome analysis.

Conclusion

Total coronary PV was independently associated with
myocardial ischemia based on MBF derived from DPCT
imaging, while area stenosis and HRP were not. Incorporating
these quantitative plaque characteristics in a comprehensive
coronary CTA evaluation could improve the prediction of
ischemic CAD, independently of lesion severity.
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Abstract
Objectives  Virtual monoenergetic images (VMIs) from photon-counting CT (PCCT) may change quantitative coronary 
plaque volumes. We aimed to assess how plaque component volumes change with respect to VMIs.
Methods  Coronary CT angiography (CTA) images were acquired using a dual-source PCCT and VMIs were reconstructed 
between 40 and 180 keV in 10-keV increments. Polychromatic images at 120 kVp (T3D) were used as reference. Quantita-
tive plaque analysis was performed on T3D images and segmentation masks were copied to VMI reconstructions. Calcified 
plaque (CP; > 350 Hounsfield units, HU), non-calcified plaque (NCP; 30 to 350 HU), and low-attenuation NCP (LAP; − 100 
to 30 HU) volumes were calculated using fixed thresholds.
Results  We analyzed 51 plaques from 51 patients (67% male, mean age 65 ± 12 years). Average attenuation and contrast-
to-noise ratio (CNR) decreased significantly with increasing keV levels, with similar values observed between T3D and 
70 keV images (299 ± 209 vs. 303 ± 225 HU, p = 0.15 for mean HU; 15.5 ± 3.7 vs. 15.8 ± 3.5, p = 0.32 for CNR). Mean 
NCP volume was comparable between T3D and 100–180-keV reconstructions. There was a monotonic decrease in mean 
CP volume, with a significant difference between all VMIs and T3D (p < 0.05). LAP volume increased with increasing keV 
levels and all VMIs showed a significant difference compared to T3D, except for 50 keV (28.0 ± 30.8 mm3 and 28.6 ± 30.1 
mm3, respectively, p = 0.63).
Conclusions  Estimated coronary plaque volumes significantly differ between VMIs. Normalization protocols are needed 
to have comparable results between future studies, especially for LAP volume which is currently defined using a fixed HU 
threshold.
Clinical relevance statement  Different virtual monoenergetic images from photon-counting CT alter attenuation values and 
therefore corresponding plaque component volumes. New clinical standards and protocols are required to determine the 
optimal thresholds to derive plaque volumes from photon-counting CT.
Key Points 
• Utilizing different VMI energy levels from photon-counting CT for the analysis of coronary artery plaques leads to sub 
   stantial changes in attenuation values and corresponding plaque component volumes.
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• Low-energy images (40–70 keV) improved contrast-to-noise ratio, however also increased image noise.
• Normalization protocols are needed to have comparable results between future studies, especially for low-attenuation  
   plaque volume which is currently defined using a fixed HU threshold.

Keywords  Coronary arteriosclerosis · Reproducibility of results · Atherosclerosis · CT angiography

Therefore, our aim was to assess how quantification of 
individual plaque components changes with respect to dif-
ferent monoenergetic levels obtained using PCCT.

Materials and methods

Study design and patient population

Consecutive patients referred for clinically indicated coro-
nary CTA due to suspected or known coronary artery disease 
(CAD) were screened in our prospective, single-center study 
between April 2022 and June 2022. Inclusion criteria were 
(1) diagnostic image quality for quantitative plaque analysis 
and (2) discernible coronary lesion in at least one of the 
main coronary arteries. Exclusion criteria were (1) presence 
of stents or bypass grafts and (2) images with severe motion, 
breathing, beam-hardening, or misalignment artifacts.

The study was approved by the institutional ethical com-
mittee (IV/667–1/2022/EKU) and was performed in accord-
ance with the Helsinki declaration. Written informed con-
sent was obtained from all patients.

Coronary CTA acquisition and reconstruction

ECG-triggered CTA scans of the heart were performed using 
a first-generation dual-source PCCT scanner (NAEOTOM 
Alpha, Siemens Healthineers). Coronary CTA imaging was 
obtained according to the guidelines of the Society of Car-
diovascular Computed Tomography [7]. Scan parameters 
for all patients were as follows: tube voltage = 120 kVp, 
automatic tube current modulation with image quality level 
(IQ-level) = 80, detector configuration = 144 mm × 0.4 mm, 
rotation time = 0.25 s. Intravenous beta blocker was adminis-
tered if heart rate (HR) was > 65 beats/minute before exami-
nation. All patients received 0.8 mg of sublingual nitro-
glycerine before CTA scanning if systolic blood pressure 
was > 100 mmHg. High-pitch helical (TurboFlash) scan mode 
was used if HR was regular and below 70/min, sequential scan 
mode was applied in case of regular HR > 70 beats/min, and 
helical scan mode was used if HR was irregular. Images were 
acquired in diastole (65–85% of the R-R interval) or systole 
(200–400 ms) depending on the HR (< or > 75 beats/min-
ute). A four-phasic contrast injection protocol was used with 
70–80 mL contrast agent at a flow rate of 4.5–5.0 mL/s [8].

For all patients, VMIs were reconstructed at different 
energy levels from 40 to 180 keV in 10-keV increments 

Abbreviations
CAD	� Coronary artery disease
CNR	� Contrast-to-noise ratio
CP	� Calcified plaque
CTA​	� Computed tomography angiography
HU	� Hounsfield unit
LAP	� Low-attenuation non-calcified plaque
NCP	� Non-calcified plaque
PCCT​	� Photon-counting computed tomography
ROI	� Region of interest
SD	� Standard deviation
SNR	� Signal-to-noise ratio
VMI	� Virtual monoenergetic image

Introduction

Coronary computed tomography angiography (CTA) allows 
characterization of atherosclerotic plaque in addition to luminal 
stenosis [1]. Quantifying coronary plaque burden and adverse 
plaque characteristics may improve cardiovascular risk predic-
tion. Notably, low-attenuation non-calcified plaque (LAP) bur-
den is an independent predictor of myocardial infarction [2].

Novel photon-counting CT (PCCT) is a promising tech-
nique for the assessment of coronary arteries with superior 
spatial and temporal resolution as compared with current-
generation scanners [3]. Compared to conventional energy-
integrating detectors, photon-counting detectors register the 
energy of each individual photon and directly convert x-ray 
photons to electrical signals without the need of reflecting 
septa, resulting in improved spatial resolution, noise reduc-
tion, and better soft tissue contrast [4]. It has previously been 
demonstrated on histological atherosclerotic plaque samples 
that different plaque components and vessel lumen can be 
accurately differentiated using spectral data from a PCCT 
system [5]. Furthermore, this allows for virtual monoener-
getic images (VMIs) which may help evaluation of coronary 
CTA due to improvements in blooming artefact reduction 
and contrast-to-noise ratio (CNR) [6]. Also, PCCT allows 
for sharper delineation of structures such as calcifications, 
as it provides superior spatial resolution. Therefore, using 
different VMI reconstructions may improve coronary plaque 
detection due to changes in intraluminal contrast attenua-
tion and CNR. However, VMIs also change the Hounsfield 
unit (HU) values of the voxels and therefore may impact 
plaque volume estimates which are often done using fixed 
HU thresholds.
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(Fig. 1). In addition, polychromatic images at 120 kVp 
(T3D) were also created as reference standard for compari-
son. All images were reconstructed with the same settings: 
0.4-mm slice thickness with 0.4-mm increment, quantitative 
iterative reconstruction level of 2, using a medium smooth 
kernel (Bv40) and a matrix of 512 × 512.

Image quality assessment

Quantitative image quality analysis was performed for all 
VMI and T3D images. RadiAnt (Medixant) DICOM Viewer 
software (v2022.1.1) was used to measure quantitative image 
quality parameters by a single reader. Image noise was defined 

Fig. 1   Representative CTA images of coronary plaques reconstructed 
in T3D and different VMI energy levels (40, 70, 120, and 180 keV). 
Quantitative plaque analyses of a partially calcified-predominantly 
non-calcified (panel A) and partially calcified-predominantly calcified 
(panel B) plaque are shown in T3D and different VMI reconstructions 
at 40, 70, 120, and 180 keV levels. The red line illustrates the bor-
der of the vessel wall and the orange line illustrates the lumen border 

segmented on T3D images. Corresponding cross-sectional images are 
also depicted at the point of the maximal narrowing of the lesion. The 
same window setting was applied for all represented images: window: 
800; level: 250. Abbreviations: CP, calcified plaque; HU, Hounsfield 
unit; LAP, low-attenuation non-calcified plaque; NCP, non-calcified 
plaque
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as the standard deviation (SD) of attenuation values measured 
by placing a circular region of interest (ROI; 200 mm2) in 
the aortic root at the level of the left main coronary ostium 
(SDlumen). Circular regions of interest (ROIs) were also placed 
in the coronary lumen and pericoronary fat adjacent to the 
analyzed lesion to measure mean attenuation in HU (HUlumen, 
HUfat). Artifacts and plaques were carefully avoided while 
manually placing ROIs. ROIs were copied from T3D images 
as reference and pasted to the same position on all recon-
structed images for identical measurement of SD and HU val-
ues. Signal-to-noise ratio (SNR) and CNR were calculated 
for all reconstructed datasets, as SNR = HUlumen/SDlumen, and 
CNR = (HUlumen − HUfat) / SDlumen.

Quantitative plaque analysis

Coronary atherosclerotic plaque was determined on the CTA 
images based on prior work by Achenbach et al [9]. Quanti-
tative plaque analysis was performed using dedicated semi-
automated software (AutoPlaque 2.5; Cedars-Sinai Medical 
Center) by a single experienced reader (B.V.). Each coronary 
lesion with the highest-grade stenosis based on visual assess-
ment was defined and analyzed per patient. We selected one 
lesion per patient to avoid potential intra-patient clustering 
effects. The centerline of the selected coronary artery was 
extracted; then, proximal and distal borders of the plaque were 
marked on the T3D images. Contouring of the vessel wall and 
lumen was automatic, with manual adjustment as required. 
Artifacts from metallic structures, beam-hardening or — in 
case of sequential scanning — misalignment were carefully 
avoided. Also, only high-quality images were used for plaque 
quantification that were not severely affected by motion or 
breathing artifacts as per exclusion criteria. Segmentation 
masks were copied from the T3D image to all other VMIs 
guaranteeing that the same voxels were analyzed on all images; 
therefore, potential differences in contouring on the differ-
ent VMIs of the same patient did not affect our results. Our 
method removes the reader’s bias and focuses on the impact of 
different VMI reconstructions on plaque composition.

Voxels from the corresponding images were exported into 
the R environment (version 4.0.2) and analyzed using the 
Radiomics Image Analysis software package (RIA v.1.6.0) 
[10]. We calculated the volume of calcified plaque (CP), 
non-calcified plaque (NCP), and LAP. Plaque components 
were defined using two different methods with the following 
threshold ranges: method 1: LAP: − 100 to 30 HU; NCP: 30 
to 350 HU; CP: > 350 HU [11, 12] and method 2: LAP: < 30 
HU; NCP: 30 to 130 HU; CP: > 130 HU [13].

Statistical analysis

Normality was assessed using Q-Q plots. Continuous variables 
are presented as mean and standard deviation for normally 

distributed data and as medians and interquartile ranges for 
non-normally distributed data, whereas categorical parameters 
are presented as frequency with percentages in the text.

We used one-way, repeated measure analysis of variances 
(ANOVA) and post hoc comparison analysis to compare image 
quality metrics, average plaque attenuation, and plaque volumes 
between the different monoenergetic levels. We performed 
two comparisons: (1) each VMI group versus T3D images as 
reference to answer which VMIs have significantly different 
values; (2) each keV group versus the next group incremen-
tally to evaluate whether each subsequent VMI is different 
from the previous one. All multiple comparisons were done 
using pair t-tests and p values were corrected using the Bon-
ferroni method. We calculated the relative difference between 
the reference T3D and all VMI reconstructions as follows: 
as (VMImean − T3Dmean / T3Dmean) * 100%. All statisti-
cal analyses were performed using R software (version 4.0.2) 
using packages: ggstatsplot (v.0.9.3) [14] and rstatix (v0.7.0). 
A two-sided p < 0.05 was considered as statistically significant.

Results

In total, 158 patients with suspected or known CAD under-
went coronary CTA using our PCCT scanner between April 
2022 and June 2022. We excluded 22 patients due to inade-
quate image quality for plaque quantification and 85 patients 
without CAD. A total of 51 plaques from 51 patients were 
included in the analyses. Mean age was 65.1 ± 11.9 years and 
68.6% were male. Common comorbidities included hyper-
tension (80.4%), diabetes mellitus (27.5%), and dyslipidemia 

Table 1   Patient characteristics and CT scan parameters

Continuous variables are described as mean ± SD, whereas categori-
cal variables are represented as frequencies and percentage
BMI, body mass index; CAD, coronary artery disease; DLP, dose-
length product

Demographic data Patient population
n = 51

Age, years 65.1 ± 11.9
Male gender 35 (68.6%)
BMI, kg/m2 28.8 ± 4.7
Hypertension 41 (80%)
Diabetes mellitus 14 (28%)
Dyslipidemia 27 (53%)
Family history of premature CAD 8 (16%)
Smoking 11 (22%)
CT scan parameters

  Agatston score 444 ± 619
  Total plaque volume, mm3 270 ± 208
  DLP, mGy cm 374 ± 309
  Effective dose, mSv 5.2 ± 4.3
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(52.9%). The average total plaque volume of the analyzed 
lesions was 270.2 ± 208.7 mm3 on T3D images. Mean effec-
tive radiation dose was 5.2 ± 4.3 mSv. Baseline demographic 
data and CT scan parameters are summarized in Table 1.

Mean plaque attenuation and quantitative image 
quality parameters on VMIs

Mean attenuation of the analyzed plaques was 299 ± 209 
HU on T3D images. The average plaque attenuation 
showed a significant graded decrease with increasing 
keV levels (from 723 ± 501 HU on 40 keV to 120 ± 112 
HU on 180 keV, p < 0.0001 for all). All VMIs showed 
a significant difference compared to T3D, except for 
the 70-keV images (303 ± 225 HU, p = 0.15) (Fig. 2A; 
Supplementary table 1).

There was also a decrease in image noise (SD of mean 
attenuation) with increasing keV levels (from 72 ± 12 HU 
on 40 keV to 33 ± 6 HU on 180 keV). However, a significant 
difference in image noise between adjacent keV levels was 
not uniformly observed. Images reconstructed at 80 keV 
showed similar image noise compared to T3D images 
(35 ± 5 HU vs. 35 ± 5 HU, respectively; p = 0.74) (Fig. 2B).

Tendencies for CNR (highest at 40 keV: 22.1 ± 5.6 and 
lowest at 180 keV: 5.3 ± 1.6; each value significantly differ-
ent from the adjacent keV level) and SNR (highest at 40 keV: 
20.0 ± 5.5 and lowest at 180 keV: 3.3 ± 1.2; each value sig-
nificantly different from the adjacent keV level) were similar 
to those for mean attenuation. T3D images yielded similar 

image quality based on CNR and SNR as compared with 
70-keV VMI reconstructions (15.5 ± 3.7 vs. 15.8 ± 3.5, 
p = 0.32 for CNR and 13.1 ± 3.6 vs. 13.2 ± 3.2, p = 0.69 for 
SNR, respectively) (Fig. 2C and D, respectively).

Changes in plaque volumes using different VMI 
reconstructions

We applied two threshold settings for plaque quantifica-
tion: method 1: LAP: − 100 to 30 HU; NCP: 30 to 350 HU; 
CP: > 350 HU [11, 12] and method 2: LAP: < 30 HU; NCP: 30 
to 130 HU; CP: > 130 HU [13] (Figs. 3 and 4, respectively).

Using method 1, mean NCP volume was 161.0 ± 126.3 
mm3 on T3D images. The average NCP volume showed 
an increase up to 70 keV, followed by a decrease with 
each subsequent increment in VMI energy level. A sig-
nificant difference in NCP volume between keV levels 
was not observed at every step. The lowest value was 
found using 40  keV (96.9 ± 86.8 mm3), whereas the 
highest was seen using 70 keV (152.8 ± 122.0 mm3). 
Mean NCP volume measured on 100–180-keV recon-
structions did not differ significantly from T3D images 
(p > 0.05 for all) (Fig.  3A). The average CP volume 
showed a significant graded decrease with increas-
ing keV levels, from 138.7 ± 126.4 mm3 on 40 keV to 
38.5 ± 64.6 mm3 on 180 keV (p < 0.001 for all). Mean CP 
volume measured on each VMI reconstruction differed 
significantly from the reference T3D images (p < 0.05 
for all) (Fig. 3B). An increasing LAP volume for each 

Fig. 2   Box plots showing the distribution of plaque attenuation and 
quantitative image quality parameters (SD, CNR, SNR) in different 
VMI energy levels and T3D images. Panel A depicts the distribution 
of attenuation values across different energy levels. Panel B depicts 
the distribution of image noise based on SD across different energy 

levels. Panel C depicts the distribution CNR across different energy 
levels. Panel D depicts the distribution SNR across different energy 
levels. Abbreviations: CNR, contrast-to-noise ratio; HU, Hounsfield 
unit; SD, standard deviation; SNR, signal-to-noise ratio
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increment in keV level was observed, with a significant 
difference between each step (from 22.8 ± 24.9 mm3 on 
40 keV to 96.0 ± 76.3 mm3 on 180 keV; p < 0.0001 for 
all). Mean LAP volume differed significantly between 
T3D and VMI reconstructions, except for 50-keV images 
(28.0 ± 30.8 mm3 and 28.6 ± 30.1 mm3, respectively, 
p = 0.63) (Fig. 3C; Supplementary table 2).

Method 2 yielded similar findings for the assessment 
of plaque volumes. Mean NCP volume showed an ini-
tial increase up to 100 keV, followed by a decrease with 
increasing keV levels, with no significant difference 
between each adjacent keV level. Average NCP volume on 
T3D was comparable with 70- and 140–180-keV energy 
levels (p > 0.05 for all) (Fig. 4A). Similarly, mean CP 
volume showed a decreasing tendency with significant 
difference between each adjacent keV level (p < 0.01 for 
all). Mean CP volume measured on each VMI reconstruc-
tions differed significantly from the reference T3D images 
(p < 0.001 for all) (Fig. 4B). Also, an increasing tendency 
of LAP volume was observed by increasing keV levels, 
with significant difference between each adjacent VMI 
(p < 0.05 for all). When measuring LAP volume, all VMIs 
showed a significant difference compared to T3D, except 
for 40 keV (p = 0.65) (Fig. 4C; Supplementary table 3).

Relative difference between T3D and VMI 
reconstructions

The relative difference regarding attenuation and image 
quality parameters between the reference standard T3D and 
VMI reconstructions are summarized in Table 2. Regarding 
plaque volumes using thresholds of method 1 for plaque char-
acterization, the highest difference for CP and NCP volume 
was measured on 40-keV images compared to T3D (70.8% 
and − 39.8%, respectively, p < 0.0001), whereas the lowest 
relative difference was measured using 70-keV images (0.9% 
and − 5.1%, respectively, p < 0.0001). Mean LAP volume 
showed the largest discrepancy on 180-keV reconstruction 
with 242.5% relative difference (p < 0.0001) and the smallest 
on 50-keV images (1.9%, p = 0.63) (Table 3).

Applying method 2 for plaque quantification, the greatest 
difference in CP volume was observed between 180 keV and 
T3D, with a relative difference of − 48.9% (p < 0.0001), while 

the lowest relative difference of CP volume was observed at 
70-keV images (− 4.0%, p < 0.001). For NCP volume as com-
pared with T3D, the greatest and smallest differences were 
observed using 40 (− 65.6%, p < 0.0001) and 70 keV (− 1.5%, 
p = 0.54), respectively. The largest relative difference for LAP 
volume was seen on 180-keV images (243.3%, p < 0.0001), 
and the lowest on 40-keV images (− 1.9%, p = 0.65) (Table 4).

Discussion

In our study, we demonstrate that utilizing different VMI energy 
levels from PCCT for the analysis of coronary artery plaques 
leads to substantial changes in attenuation values and corre-
sponding plaque component volumes. Our primary findings are 
as follows: (1) Low-energy images (40–70 keV) improved CNR 
and resulted in higher CP but lower NCP and LAP volumes, 
however also increased image noise; (2) CP volume quantified 
on 70 keV exhibited the lowest relative difference compared to 
T3D images; (3) No significant differences were observed in 
NCP volume using higher VMI levels (100–180 keV); (4) LAP 
volume was not significantly different on low-energy images 
(40–50 keV) when compared to T3D as reference.

Coronary CTA is a well-established non-invasive 
modality for the assessment of CAD in patients presenting 
with stable chest pain [15]. In addition to luminal stenosis, 
CTA uniquely allows for the evaluation of overall plaque 
burden and high-risk plaque characteristics, which are 
strong predictors of subsequent cardiovascular events [1]. 
Moreover, quantitative plaque analysis provides compre-
hensive assessment of coronary plaque volume and com-
position. A growing body of evidence suggests the addi-
tional prognostic value of quantitative plaque metrics over 
visual assessment alone [16]. In particular, LAP (defined 
using a fixed HU threshold of 30) burden independently 
predicted myocardial infarction at 5 years’ follow-up in 
patients with stable chest pain [2]. Accordingly, using 
CTA for the quantitative evaluation of CAD can improve 
risk stratification by identifying patients at high risk [17].

A novel dual-source PCCT system has recently been 
introduced in clinical practice with the potential to over-
come several limitations of conventional CT scanners. Pho-
ton-counting detectors directly generate electronical signal 
proportional to photon energy by measuring the energy of 
each individual photon reaching the detector. Compared to 
traditional energy-integrating detectors, PCCT is character-
ized by superior spatial resolution, reduction of image noise, 
and beam-hardening artifacts [4]. In addition, this technol-
ogy enables advanced tissue characterization with the use 
of virtual monoenergetic reconstructions and therefore may 
provide improved plaque assessment. However, VMIs also 
change the CT attenuation values which may affect plaque 
characterization.

Fig. 3   Box plots showing the distribution of plaque volumes in dif-
ferent VMI energy levels and T3D images using the thresholds of 
method 1 for plaque characterization. Panel A shows the distribu-
tion of NCP volume across different energy levels using threshold 
of − 100 to 350 HU. Panel B shows the distribution of CP volume 
across different energy levels using the threshold of > 350 HU. Panel 
C shows the distribution of LAP volume across different energy lev-
els using the threshold of − 100 to 30 HU. Abbreviations: CP, calci-
fied plaque; HU, Hounsfield unit; LAP, low-attenuation non-calcified 
plaque; NCP, non-calcified plaque; SD, standard deviation

◂
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In general, the benefit of lower keV images is the 
increased contrast between the coronary lumen and vessel 
wall, aiding better discrimination of coronary plaques and 

intraluminal contrast. Despite showing higher image noise, 
lower keV level images yield better image quality based on 
CNR and SNR as demonstrated also in previous phantom 
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studies [18]. On the other hand, higher keV level images 
decrease blooming and image noise, which can enhance cal-
cified plaque analysis. However, higher keV levels result in 
decreased CNR and SNR. To utilize the advantages from 
both high- and low-energy level images, it would be advan-
tageous to view the different keV images side-by-side and 
have the ability to manually edit segmentation contours on 
either image to minimize the effects of different artefacts. 
Ohta et al demonstrated using dual-energy CT datasets that 
different VMI energy levels showed the highest CNR and 
SNR for each coronary plaque component. In line with our 
results, these findings also suggested that different VMIs 
should be used simultaneously for coronary plaque assess-
ment to apply the advantage of each energy levels [19].

As different keV images change the attenuation values of 
the voxels, it is also important to consider how these changes 
affect the quantification of plaque composition. Based on our 
results, plaque compositional volumes defined using fixed 

threshold settings on T3D images yielded similar results in 
different VMI reconstructions for the different plaque com-
ponents. This is due to the fact that attenuation values change 
on different VMIs as a function of the tissue composition of 
the given voxel [20–22]. Therefore, fixed threshold setting 
will not work on VMIs which is emphasized by our results as 
we observed significantly different plaque volumes on almost 
all VMIs as compared to T3D as a reference. Furthermore, 
one universal correction factor is not enough as we show 
that the relative difference in plaque volumes is different for 
each component on the same VMI. Therefore, to utilize the 
information from VMIs and have comparable results between 
future studies and previous investigations, we need to develop 
standardized protocols and adaptive correction factors which 
may allow conversions between volumetric estimates done 
using different VMIs and/or conventional images.

To the best of our knowledge, no previous study has 
investigated the influence of different VMI energy levels on 
coronary plaque composition using PCCT datasets. Symons 
et al examined the impact of different VMI energy levels on 
coronary plaque segmentation and quantification using 3rd-
generation dual-source CT scanner. They reported similar 
tendencies in image quality parameters to our results, with 
better CNR and SNR, and higher image noise on lower keV 
images. Although a different method was applied during 
plaque analysis — as segmentation was performed individu-
ally on every reconstruction — similar tendencies were also 
observed regarding plaque types [23].

Fig. 4   Box plots showing the distribution of plaque volumes in dif-
ferent VMI energy levels and T3D images using the thresholds of 
method 2 for plaque characterization. Panel A shows the distribu-
tion of NCP volume across different energy levels using threshold 
of < 130 HU. Panel B shows the distribution of CP volume across dif-
ferent energy levels using the threshold of > 130 HU. Panel C shows 
the distribution of LAP volume across different energy levels using 
the threshold of < 30 HU. Abbreviations: CP, calcified plaque; HU, 
Hounsfield unit; LAP, low-attenuation non-calcified plaque; NCP, 
non-calcified plaque; SD, standard deviation

◂

Table 2   Difference in CT attenuation and quantitative image quality parameters (SD, CNR, SNR) for different energy levels compared to T3D

Differences and 95% confidence intervals (CI) are from pairwise t-tests
*  indicates no statistical significance compared to T3D based on p value
CNR, contrast-to-noise ratio; HU, Hounsfield unit; SD, standard deviation; SNR, signal-to-noise ratio

Energy 
level 
(keV)

Attenuation (HU) Image noise (SD) CNR SNR

Difference 
to T3D (%)

95% CI Difference 
to T3D (%)

95% CI Difference 
to T3D (%)

95% CI Difference 
to T3D (%)

95% CI

40 142.0 114.3 to 169.6 102.7 95.8 to 109.7 42.6 36.1 to 49.0 52.7 45.1 to 60.3
50 70.1 55.8 to 84.5 56.8 52.4 to 61.1 25.2 19.8 to 30.5 31.7 25.5 to 37.9
60 27.9 21.5 to 34.4 27.0 24.2 to 29.7 11.0 6.5 to 15.4 13.4 8.4 to 18.4
70 1.3*  − 0.5 to 3.2 4.2 2.3 to 6.1 1.8*  − 1.8 to 5.4 0.8*  − 3.2 to 4.8
80  − 17.4  − 19.7 to − 15.1  − 1.7*  − 4.1 to 0.6  − 14.4  − 18.0 to − 10.8  − 17.9  − 21.8 to − 13.9
90  − 29.9  − 34.2 to − 25.6  − 4.3  − 6.9 to − 1.7  − 28.0  − 31.8 to − 24.1  − 32.6  − 36.8 to − 28.4
100  − 38.3  − 44.1 to − 32.5  − 4.9  − 7.6 to − 2.2  − 38.3  − 42.3 to − 34.3  − 44.1  − 48.7 to − 39.5
110  − 44.3  − 51.1 to − 37.5   − 5.7  − 8.6 to − 2.9  − 45.6  − 49.8 to − 41.3  − 52.2  − 57.2 to − 47.2
120  − 48.6  − 56.2 to − 41.0  − 5.9  − 8.8 to − 3.0  − 51.2  − 55.7 to − 46.6  − 58.4  − 63.7 to − 53.0
130  − 51.8  − 60.0 to − 43.7  − 5.9  − 8.9 to − 3.0  − 55.4  − 60.1 to − 50.7  − 63.0  − 68.7 to − 57.4
140  − 54.3  − 62.9 to − 45.7  − 6.0  − 8.9 to − 3.0  − 58.6  − 63.5 to − 53.7  − 66.6  − 72.5 to − 60.7
150  − 56.2  − 65.1 to − 47.2  − 5.9  − 8.9 to − 3.0  − 61.1  − 66.1 to − 56.1  − 69.4  − 75.4 to − 63.3
160  − 57.6  − 66.9 to − 48.4  − 5.9  − 8.8 to − 2.9  − 63.1  − 68.2 to − 58.0  − 71.6  − 77.8 to − 65.4
170  − 58.8  − 68.3 to − 49.4  − 5.9  − 8.8 to − 2.9  − 64.7  − 69.9 to − 59.5  − 73.3  − 79.6 to − 67.0
180  − 59.8  − 69.4 to − 50.2  − 5.8  − 8.8 to − 2.9  − 66.0  − 71.2 to − 60.7  − 74.7  − 81.1 to − 68.3
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We acknowledge the limitations of our study. First, this 
was a single-center study focusing on plaque quantification 
in a relatively small population of stable chest pain patients. 

However, we believe that the sample was large enough 
to evaluate the trends in using different VMI reconstruc-
tions for plaque assessment. Second, we only used a single 

Table 3   Difference in CP, 
NCP, and LAP volumes based 
on the thresholds of method 
1 (CP > 350 HU; NCP: 31 to 
350 HU; LAP: − 100 to 30 
HU) for different energy levels 
compared to T3D

Differences and 95% confidence intervals (CI) are from pairwise t-tests
*  indicates no statistical significance compared to T3D based on p value
CP, calcified plaque; HU, Hounsfield unit; LAP, low-attenuation non-calcified plaque; NCP, non-calcified 
plaque

Energy 
level 
(keV)

CP (> 350 HU) NCP (31 to 350 HU) LAP (− 100 to 30 HU)

Difference 
to T3D (%)

95% CI Difference 
to T3D (%)

95% CI Difference 
to T3D (%)

95% CI

40 70.8 54.2 to 87.5  − 39.8  − 48.1 to − 31.5  − 18.8  − 29.0 to − 8.6
50 36.9 28.2 to 45.6  − 20.3  − 25.2 to − 15.5 1.9*  − 5.8 to 9.6
60 8.7 5.4 to 12.0  − 6.9  − 8.9 to − 4.9 13.6 7.5 to 19.6
70 0.9 0.1 to 1.6  − 5.1  − 6.4 to − 3.8 26.8 19.8 to 33.7
80  − 6.5  − 9.4 to − 3.6  − 7.3  − 9.7 to − 4.9 60.5 46.9 to 74.0
90  − 17.5  − 24.9 to − 10.0  − 7.4  − 11.4 to − 3.4 92.9 72.5 to 113.3
100  − 27.5  − 38.2 to − 16.8  − 7.6*  − 13.2 to − 2.0 122.9 96.1 to 149.7
110  − 34.8  − 47.6 to − 21.9  − 8.6*  − 15.3 to − 1.8 149.3 116.9 to 181.8
120  − 39.8  − 54.2 to − 25.5  − 9.8*  − 17.5 to − 2.2 171.2 133.9 to 208.4
130  − 43.4  − 58.9 to − 28.0  − 11.2*  − 19.6 to − 2.8 189.3 148.0 to 230.5
140  − 46.3  − 62.5 to − 30.0  − 12.4*  − 21.4 to − 3.5 204.7 160.2 to 249.2
150  − 48.3  − 65.3 to − 31.4  − 13.6*  − 23.0 to − 4.1 217.0 170.0 to 263.9
160  − 50.1  − 67.6 to − 32.6  − 14.5*  − 24.3 to − 4.7 227.4 178.4 to 276.4
170  − 51.4  − 69.4 to − 33.5  − 15.3*  − 25.4 to − 5.2 235.7 185.1 to 286.3
180  − 52.5  − 70.9 to − 34.2  − 15.9*  − 26.3 to − 5.5 242.5 190.5 to 294.6

Table 4   Difference in CP, 
NCP, and LAP volumes based 
on the thresholds of method 
2 (CP > 130 HU; NCP: 31 
to 130 HU; LAP: < 30 HU) 
for different energy levels 
compared to T3D

Differences and 95% confidence intervals (CI) are from pairwise t-tests
*  indicates no statistical significance compared to T3D based on p value
CP, calcified plaque; HU, Hounsfield unit; LAP, low-attenuation non-calcified plaque; NCP, non-calcified 
plaque

Energy 
level 
(keV)

CP (> 130 HU) NCP (31 to 130 HU) LAP (< 30 HU)

Difference 
to T3D (%)

95% CI Difference 
to T3D (%)

95% CI Difference 
to T3D (%)

95% CI

40 33.6 23.3 to 44.0  − 65.6  − 82.4 to − 48.8  − 1.9*  − 10.1 to 6.4
50 26.5 19.3 to 33.6  − 48.9  − 61.6 to − 36.2 9.6 2.2 to 17.0
60 12.5 8.4 to 16.6  − 26.2  − 33.4 to − 18.9 14.4 8.4 to 20.4
70  − 4.0  − 5.9 to − 2.1  − 1.5*  − 3.9 to 0.9 26.8 19.8 to 33.8
80  − 19.7  − 24.1 to − 15.4 15.0 9.8 to 20.1 60.5 47.0 to 74.1
90  − 30.4  − 36.7 to − 24.0 23.1 16.1 to 30.1 93.0 72.6 to 113.5
100  − 36.5  − 44.1 to − 29.0 24.2 16.0 to 32.5 123.1 96.2 to 149.9
110  − 40.2  − 48.6 to − 31.8 22.2 13.1 to 31.3 149.6 117.1 to 182.1
120  − 42.6  − 51.5 to − 33.7 19.4 9.7 to 29.1 171.5 134.2 to 208.9
130  − 44.3  − 53.5 to − 35.0 16.5 6.3 to 26.7 189.7 148.4 to 231.0
140  − 45.6  − 55.1 to − 36.0 13.9* 3.4 to 24.4 205.2 160.7 to 249.8
150  − 46.7  − 56.5 to − 36.8 11.8* 1.1 to 22.6 217.6 170.6 to 264.6
160  − 47.6  − 57.6 to − 37.5 10.1*  − 0.9 to 21.1 228.1 179.0 to 277.2
170  − 48.3  − 58.5 to − 38.1 8.7*  − 2.5 to 19.9 236.5 185.7 to 287.2
180  − 48.9  − 59.3 to − 38.5 7.7*  − 3.7 to 19.1 243.3 191.2 to 295.5
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software for plaque segmentation. Furthermore, there are 
additional parameters that could alter plaque volumes (such 
as slice thickness, iterative reconstruction, kernels) — that 
has previously been investigated — which were not part of 
our analysis [24, 25]. Also, we had no reference standard. 
Histology or intravascular imaging was not available in these 
individuals. Nevertheless, T3D polychromatic images are 
considered to be comparable to conventional 120-kV poly-
chromatic images on energy-integrating detector CT scanner 
and the methods used have been validated to intravascular 
imaging and tested in large cohorts on conventional images 
[2, 26, 27]. Using different flow rates, contrast media con-
centrations and dosing could lead to different attenuation 
values in the coronaries. However, our protocol only allows 
for small changes in the given contrast media dose using 
the same concentration. Furthermore, we evaluated changes 
within the same patient on different VMIs, and thus, the 
potential effect of contrast administration on plaque volumes 
should be consistent within each patient [28].

In conclusion, low-energy monoenergetic reconstruc-
tions significantly alter plaque attenuation and plaque 
volumes with fixed plaque attenuation thresholds. 
Therefore, caution is required when using different VMI 
reconstructions and fixed plaque attenuation thresholds 
for plaque characterization. New standards and protocols 
are required to determine which monoenergetic or polyen-
ergetic images are optimal to derive plaque volumes. This 
will aid the adoption of PCCT plaque analysis in both the 
clinical and research setting.
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ABSTRACT

Combined anatomical and functional evaluation of coronary artery disease (CAD) using computed
tomography (CT) has recently emerged as an accurate, robust, and non-invasive tool for the evalu-
ation of ischemic heart disease. Cardiac CT has become a one-stop-shop imaging modality that allows
the simultaneous depiction, characterization, and quantification of coronary atherosclerosis and the
assessment of myocardial ischemia. Advancements in scanner technology (improvements in spatial
and temporal resolution, dual-energy imaging, wide detector panels) and the implementation of
iterative reconstruction algorithms enables the detection of myocardial ischemia in both qualitative
and quantitative fashion using low-dose scanning protocols. The addition of CT perfusion (CTP) to
standard coronary CT angiography is a reliable tool to improve diagnostic accuracy. CTP using static
first-pass imaging enables qualitative assessment of the myocardial tissue, whereas dynamic perfusion
imaging can also provide quantitative information on myocardial blood flow. Myocardial tissue
assessment by CTP holds the potential to refine risk in stable chest pain or microvascular dysfunction.
CTP can aid the detection of residual ischemia after coronary intervention. Comprehensive evaluation
of CAD using CTP might therefore improve the selection of patients for aggressive secondary pre-
vention therapy or coronary revascularization with high diagnostic certainty. In addition, prognostic
information provided by perfusion CT imaging could improve patient outcomes by quantifying the
ischemic burden of the left ventricle. The current review focuses on the clinical value of myocardial
perfusion imaging by CT, current status of CTP imaging and the use of myocardial CTP in various
patient populations for the diagnosis of ischemic heart disease.

KEYWORDS

myocardial CT perfusion, cardiac CT, ischemic heart disease

Introduction

The evaluation of symptomatic patients suggestive of myocardial ischemia is fundamental
challenge in clinical care. The use of functional imaging in cardiology has led to a high
number of unnecessary catheterizations with no obstructive disease [1]. On the other hand,
anatomical evaluation by using coronary computed tomography angiography (CTA) has
emerged as a reliable and accurate diagnostic tool for the evaluation of coronary artery
disease (CAD) [2, 3]. Due to its high sensitivity and negative predictive value it is an accurate
tool to rule out CAD in patients with low-to intermediate risk of obstructive disease [4, 5],
however finding the proper test for the assessment of patients with suspected CAD without
generating unnecessary downstream testing and to guide patient management is challenging.
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Limitations of coronary CTA include that it tends to over-
estimate the severity of stenosis especially in the case of
intermediate to severe lumen stenosis, multivessel disease,
and extensive calcification, consequently lowering its speci-
ficity and positive predictive value. CT perfusion (CTP)
imaging has emerged as a robust tool to complement
traditional anatomical assessment of CAD by CTA. CTP
imaging has the potential to also improve diagnosis in pa-
tients with higher likelihood of CAD or with microvascular
disease and to detect residual ischemia after percutaneous
coronary intervention. Current review focuses on the clinical
value of myocardial perfusion imaging by CT, current status
of CTP imaging and the use of myocardial CTP in various
patient populations for the diagnosis of ischemic heart dis-
ease.

Coronary CTA for the evaluation of stable chest
pain: current status

In the 2019 European Society of Cardiology guidelines CTA
received class I recommendation for the evaluation of
chronic coronary syndrome in patients with stable symp-
toms [6]. Two main studies were performed to underline the
pivotal role of anatomical testing using CTA for stable
angina. The results of the randomized SCOT-HEART
(Scottish Computed Tomography of the Heart,
NCT01149590) trial have shown that CTA based patient
management could substantially improve long term out-
comes as compared to standard care alone [7]. The
PROMISE (Prospective Multicenter Imaging Study for
Evaluation of Chest Pain, NCT01174550) trial has evaluated
10,003 symptomatic patients who were randomized either to
functional or anatomical strategy to prove that CTA is non-
inferior to functional testing [8]. Although the trial found no
difference in the primary outcome, it did emphasize the
prognostic value of CTA findings. Importantly, CTA also
permits the detection of prognostically relevant non-
obstructive CAD (between 1 and 69% luminal narrowing)
that has been identified as an important predictor of adverse
cardiac events [9]. Anatomical assessment using CTA pro-
vided better prognostic information as compared with
functional testing that resulted also from the indiscrim-
inatory nature of ischemia testing.

Despite its excellent capability to detect atherosclerotic
plaque burden, the physiologic significance of the identified
lesions remains unknown. In the FAME (Fractional Flow
Reserve versus Angiography for Multivessel Evaluation,
NCT00267774) study combining anatomical and functional
evaluation (invasive measurement of lesion specific
ischemia) of patients with suspected CAD improved clinical
outcome [10]. Similarly, the combination of coronary CTA
and CT perfusion imaging can improve diagnostic accuracy
and proper identification of patients who require revascu-
larization. The ISCHEMIA (International Study of
Comparative Health Effectiveness with Medical and Invasive
Approaches, NCT01471522) trial further improved our

understanding on the management of patients with stable
angina and proven ischemia [11]. Optimal medical therapy
proved to be non-inferior to percutaneous intervention for
adverse events, although latter could improve symptoms of
angina. Notably, in the ISCHEMIA trial anatomical severity
of CAD increased risk for adverse events, whereas proven
ischemia did not.

CT perfusion imaging for the detection of
myocardial ischemia

As an anatomical imaging test, traditional coronary CTA
does not allow the detection of myocardial ischemia. Phys-
iological evaluation of CAD is of utmost importance for
patient management since ischemia driven revascularization
could provide better outcomes [12–15]. Also, there is a
remarkable discrepancy between luminal stenosis and
detectable ischemia by either single-photon emission
computed tomography (SPECT) or invasive fractional flow
reserve (FFR). In the RICPORD (Does Routine Pressure
Wire Assessment Influence Management Strategy at Coro-
nary Angiography for Diagnosis of Chest Pain?
NCT01070771) study after visual assessment of coronary
stenosis by invasive coronary angiography (ICA), additional
FFR measurement changed patient management in one-
quarter of patients with stable angina [16]. Similarly, only
50% of patients with obstructive CAD on CTA had
abnormal perfusion parameters assessed with SPECT [17].

Patients with less than 30% stenosis would possibly not
benefit from ischemia testing, whereas lesions above 80%
stenosis proved to be predominantly hemodynamically
relevant [18]. Notably, revascularization does not improve
symptoms or outcome in patients with no detectable
ischemia, whereas some evidence suggests that more than
10% ischemia is associated with better prognosis after
revascularization [19].

Functional testing includes stress echocardiography,
stress magnetic resonance imaging (MRI), SPECT or posi-
tron-emission tomography (PET) imaging based on local
expertise and accessibility. CTP imaging was introduced as a
new-comer modality for ischemia detection. CTP is able to
detect hypo-attenuated areas corresponding to myocardial
injury in the left ventricle (LV) during first-pass of the
contrast agent (see Central illustration). Advancements in
CT scanner technology led to an improved spatial and
temporal resolution with lower radiation exposure and
contrast agent use by implementing iterative reconstruction
algorithms. Also, wide detector CT scanners provide com-
plete coverage (up to 16 cm z-axis coverage) of the heart
volume. Rest CTA images are performed either as first to
rule out CAD with subsequent ischemia provocation using
vasodilator stressor agents (predominantly adenosine and
regadenoson) or after stress imaging to avoid pre-enhance-
ment of the myocardial tissue [20]. There are no guidelines
on the exact order of stress and rest imaging, however in
general it is recommended to start with a rest scan for lower
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risk patients, and conversely, an initial stress scan should be
performed for higher risk patients based on traditional risk
scores and/or coronary calcium scoring. Notably, different
stressor agents are in use to provoke ischemia during the CT
scan. Recent investigations used regadenoson – a selective
A2A agonist – in a single 10 second bolus that can be used in
the same intravenous line as for the contrast injection [21].
Regadenoson provides adequate long and effective vasodi-
lator stress for CTP and can be safely used without dose
modulations for patients’ size or co-morbidities [22].

Currently two different acquisitions are available to
perform CTP with the aim to diagnose perfusion abnor-
malities through the myocardial tissue: static and dynamic
myocardial perfusion CT. Furthermore, static stress CTP
imaging can be performed using monoenergetic or dual-
energy CT acquisition, where rest images are derived from
the coronary CTA. Static CTP shows the peak blood flow of
the myocardium (myocardial blood flow in one specific
timepoint) allowing qualitative and semi-quantitative anal-
ysis of myocardial perfusion (Fig. 1). Therefore, the optimal
timing for static CTP is crucial [20, 23]. Investigations
demonstrated that dual-energy perfusion imaging using
iodine mapping improves the detection of ischemia as
compared to monoenergetic static CTP [24, 25]. On the
other hand, dynamic CTP (usually stress imaging only)
depicts contrast distribution in the LV wall during several
cardiac cycles in order to obtain time attenuation curves
(TACs) and the arterial input function curve (upslope
method) to calculate myocardial blood flow. TAC curves for
normal and ischemic myocardial segments differ markedly

[26] (Fig. 2). It therefore also enables assessment of semi-
quantitative and quantitative parameters of myocardial
perfusion such as the upslope, peak enhancement, time to
peak (TTP), area under the curve, absolute, and relative
myocardial blood flow (MBF) values, and myocardial blood
volume (MBV). Dynamic stress CTP also allows for more
precise and reproducible detection of balanced ischemia in
multivessel disease as compared with static CTP. Although
growing body of evidence suggest the improved diagnostic
accuracy of CTP using dynamic stress perfusion protocols
with quantitative assessment, this method is associated with
increased radiation exposure (approx. 4–15 mSv) [20, 27].
Importantly, wide variability exists in both the imaging
protocols and the cut-off values of perfusion parameters for
discriminating ischemic myocardial segments. Previous
studies reported a wide range of MBF thresholds for the
detection of myocardial ischemia from 75 to even 103 mL/
100 mL/min measured using a region of interest in a given
segment [27–35]. Also, data are limited on the prognostic
value of quantitative CTP parameters. Vendor specific
technical aspects of CTP protocols are summarized in prior
publications [18, 20, 24, 36]. Detailed description of tech-
nical aspects and outcomes are summarized in Table 1.

Earlier this year, the Society of Cardiovascular Computed
Tomography (SCCT) released a consensus document on
myocardial perfusion imaging [37]. This long-anticipated
document summarizes the technical principles, diagnostic
value, patient selection, image acquisition and interpretation
of CTP imaging and also defines the key elements of
reporting the results for the referring physician. Notably, the

Central illustration. The addition of CTP to CCTA for the detection of hemodynamically relevant coronary lesions. Representative case of a
patient presenting with stable chest pain. Panel left: CTA image of the left anterior descending (LAD) with high-grade stenosis in the
proximal segment (white arrow). Panel middle: Dynamic CTP image showing hypoattenuated regions in the mid-anterior and mid-
anteroseptal segments of the left ventricle. Panel right: ICA shows significant stenosis in LAD (white arrow). CCTA: coronary CT angi-
ography; CTA: CT angiography; CTP: CT perfusion; DPCT: dynamic perfusion CT; ICA: invasive coronary angiography; LAD: left anterior
descending
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Fig. 1. Static CT perfusion imaging for detecting hemodynamically significant CAD in patients with stable chest pain and intermediate
lesion. Representative images of a patient presenting with stable chest pain. Static CT perfusion allows for the visual assessment (qualitative
or semi-quantitative) of perfusion defects. Panel left: CTA image of the right coronary artery (RCA) with moderate stenosis in the proximal
segment (white arrow). Panel middle: Rest and stress static CTP images. No perfusion defect was observed on the rest CT scan, while
hypoattenuated regions in the mid-inferior and mid-inferoseptal segments of the left ventricular wall was present under stress (black ar-
rows). Panel right: ICA shows significant stenosis in the proximal RCA with an invasive FFR value of 0.72 (black arrow). CAD: coronary
artery disease; CCTA: coronary CT angiography; CTA: CT angiography; CTP: CT perfusion; FFR: fractional flow reserve; ICA: invasive
coronary angiography; RCA: right coronary artery

Fig. 2. Dynamic CT perfusion for the detection of myocardial ischemia. Dynamic CT perfusion enables the quantification of myocardial
hemodynamics during stress. TAC curves are generated for the aorta and the selected myocardial segments. The red region of interest (ROI)
represents the mid-inferolateral segment, whereas the green ROI stands for the mid-inferoseptal segment. Substantial differences are
observed in the TAC curves and CTP revealed perfusion deficit of the inferolateral wall (reduced MBF values of 61 mL/100 mL/min in the
inferolateral and normal perfusion of 143 mL/100 mL/min in the inferoseptal segment). CTP: CT perfusion; HU: Hounsfield unit; MBF:
myocardial blood flow; TAC: time attenuation curve; ROI: region of interest
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Table 1. Technical aspects and main outcomes of static and dynamic CTP studies

Author, year Patient number CT scanner Stress agent Analysis Reference standard Radiation dose of CTP (mSv) Outcome

Static CTP
Bettencourt et al. [70] 101 64-slice Adenosine Visual FFR, MRI 5.0* CTA þ CTP for detecting significant CAD: SE:

90%; SP: 81%; PPV: 80%; NPV: 90%
Rochitte et al. [71] 381 320-slice Adenosine Semi-quantitative SPECT 5.31 CTA þ CTP: SE: 80%; SP: 74%; PPV: 65%; NPV:

86%
Cury et al. [43] 110 Multivendor Regadenoson Semi-quantitative SPECT 17.70* CTP was non-inferior; agreement rate: 0.87; SE:

90%; SP: 84%
Pontone et al. [46] 147 256-slice Adenosine Visual FFR 2.5 CCTA þ CTP patient based SE: 98%; SP: 87%;

NPV: 99%; PPV: 86%
Andreini et al. [72] 150 256-slice Adenosine Visual QCA 2.26 Highest diagnostic accuracy using CTP þ CTA

95.8% in the territory-based analysis
Static dual-energy CTP

Delgado et al. [73] 56 DS 2G Adenosine Iodine map MRI 5.2 SE: 76%; SP: 99%; PPV: 89%; NPV: 98% per
segment analysis

Meinel et al. [74] 55 DS 2G Adenosine Iodine map SPECT 7.1 SE: 99%; SP: 97%; PPV: 92%; NPV: 100% per
segment analysis

Kim et al. [75] 50 DS 2G Adenosine Iodine map MRI 6.5 SE: 77%; SP: 94%; PPV: 53%; NPV: 98% per
segment analysis

Ko et al. [76] 100 DS 1G Adenosine Iodine map QCA þ MRI 4.2 SE: 87%; SP: 79%; PPV: 71%; NPV: 91% vessel
based analysis

S�anchez-Graci�an et al. [77] 36 DS 2G Adenosine Iodine map MRI 5.42 Threshold: 2.1 mg/mL; SE: 75%; SP: 73.6%
Dynamic CTP

Bamberg et al. [30] 31 DS 2G Adenosine Quantitative MRI 11.08 Estimated MBF threshold for perfusion defect 88
mL/mg/min; SE: 77.8%; SP: 75.4%; PPV: 50.6%;

NPV: 91.3%
Rossi et al. [29] 80 DS 2G Adenosine Quantitative FFR 9.4 78 mL/100 mL/min cut-off value for MBF index;

SP was 89% for intermediate lesions
Coenen et al. [32] 74 DS 3G Adenosine Quantitative ICA/FFR 9.3 CT MPI (indexed MBF) and CT-FFR had

comparable accuracy
Nishiyama et al. [78] 38 256-slice Adenosine Quantitative ICA/FFR 10.2 MBF cutoff 1.26 mL/g/min for detecting

obstructive CAD
Yi et al. [79] 60 DS 3G Adenosine Quantitative ICA/FFR NA Relative MBF ratio with highest segmental MBF

provided optimal diagnostic accuracy (versus
average and 3rd quartile segmental MBF)

Yang et al. [80] 82 DS 2G Adenosine Quantitative ICA/FFR 3.5 AUC was 0.91 for the combination of stenosis
≥50% by CTA and SFR (ratio of hyperemic MBF
in a stenosed artery versus in a non-diseased

artery)
Pontone et al. [28] 85 256-slice Adenosine Quantitative ICA/FFR 5.3 The sequential strategy of CCTA þ FFRCT þ

CTP showed the highest AUC (0.919; P < 0.05)
as compared with all other strategies. Threshold

for absolute MBF 101 mL/100 g/min
Alessio et al. [81] 34 256-slice Regadenoson Quantitative PET 8.4 Global MBF highly correlated with PET (r 5

0.92; P < 0.001); mean difference: 0.7 ± 26.4%
Yi et al. [82] 60 DS 3G Adenosine Quantitative ICA/FFR NA Absolute MBF value was superior than relative

MBF ratio (AUC:0.955 versus 0.906 P 5 0.02);
cut-off for absolute MBF:115.7 mL/100 mL/min

Li et al. [83] 62 DS 3G Adenosine Quantitative FFR 3.0 AUC: 0.942 for absolute MBF and AUC: 0.956
for relative MBF lesion based analysis

*Radiation dose for both rest and stress CTA.
1G: first-generation scanner; 2G: second-generation scanner; 3G: third-generation scanner; AUC: area under the curve; CAD: coronary artery disease; CTA: CT angiography; CCTA: coronary
CT angiography; CTP: CT perfusion; DS: dual-source scanner; FFR: fractional flow reserve; MBF: myocardial blood flow; MPI: myocardial perfusion imaging; MRI: magnetic resonance imaging;
mSv: millisievert; NA: non-assessable; NPV: negative predictive value; PET: positron emission tomography; PPV: positive predictive value; QCA: quantitative coronary angiography; SE:
sensitivity; SFR: stress myocardial blood flow ratio; SP: specificity; SPECT: single-photon emission computed tomography.
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consensus document encourages the use of CTP in patients
with high likelihood of ischemic heart disease, known CAD,
prior coronary intervention or extensive calcification.

Diagnostic performance of different CTP
imaging protocols

CTP is an emerging technology that was developed to
improve the diagnostic performance of coronary CTA. In
single center studies CTP had excellent diagnostic perfor-
mance compared to SPECT, CMR, PET, ICA, and invasive
FFR [38–41]. In the CORE320 (Combined Non-invasive
Coronary Angiography and Myocardial Perfusion Imaging
Using 320 Detector Computed Tomography,
NCT00934037) multicenter study static stress myocardial
CTP and SPECT perfusion were compared in patients with
known significant CAD detected by ICA and found higher
overall diagnostic performance for static CTP [42]. In
another multicenter study Cury et al. found that CTP was
non-inferior to SPECT in the detection of reverse myocar-
dial ischemia [43]. According to the meta-analysis of Takx
et al., CTP had a pooled sensitivity and specificity of 88 and
80% using ICA with FFR as reference standard [44].
Furthermore, the diagnostic performance of CTP was
similar to PET and stress MRI and higher than SPECT and
echocardiography. A meta-analysis of CTP studies found
similar diagnostic accuracy for static and dynamic tech-
niques with a sensitivity and specificity of 82 and 78% for
static and 77 and 89% for dynamic CTP. Sørgaard et al. in
their meta-analysis found that compared to coronary CTA
alone, combining CTP, and coronary CTA improved spec-
ificity from 62 to 84% when using ICA as reference standard
[45]. CTP is therefore a promising and accessible tool that
has superior spatial resolution as compared with SPECT to
detect even smaller territories of myocardial ischemia. While
there are several alternative, extensively validated modalities
to provide functional information on CAD, CT is the only
non-invasive modality for the combined assessments of
morphology and function to guide patient management.

The PERFECTION (Comparison Between Stress Cardiac
Computed Tomography Perfusion Versus Fractional Flow
Reserve Measured by Computed Tomography Angiography
In the Evaluation of Suspected Coronary Artery Disease)
prospective study aimed to compare the diagnostic accuracy
of CTA with combined CTA þ CT-FFR and CTA þ static
stress-CTP in detecting functionally significant CAD using
invasive FFR as the reference standard. The study enrolled
147 consecutive symptomatic patients, and found that
complementary functional information obtained by either
CT-FFR or CTP significantly improves diagnostic perfor-
mance, but no significant difference was detected between
CTA þ CT-FFR versus CTA þ CTP [46]. Even though both
CT-FFR and CT þ CTP yielded statistically similar diag-
nostic performance, combined CT and static or dynamic
CTP might provide additive diagnostic value in patients with
inconclusive CT-FFR due to the higher specificity and

positive predictive value [47]. CT-FFR provides information
on the lesion-specific ischemia and is derived from rest CTA
images therefore highly dependent on image quality. Dy-
namic CTP on the other hand could quantify total
myocardial burden and thus might be useful in patients with
extensive CAD or microvascular disease.

Growing body of evidence suggests that using CT for the
detection of myocardial perfusion defects is feasible and
reliable compared to other non-invasive and invasive
methods. However, the lack of standardized methods
regarding image acquisition, stress protocols and particu-
larly image analysis limits its widespread use. Moreover,
there is no unified MBF cutoff value for the detection of
ischemic myocardium. Although the number of CTP tests is
increasing as part of routine clinical assessment of inter-
mediate lesions, there are limited data on the clinical value of
CTP in specific patient populations prone to have ischemic
heart disease.

Potential role of myocardial perfusion imaging
by CT in clinical practice

Studies examining the potential role of CTP in clinical
practice are scarce. In the evaluation of ischemic heart dis-
ease using additional stress CTP has a higher sensitivity
compared to anatomical assessment alone mainly due to the
reduction of false positive findings. Therefore, CTA could
become a more robust gatekeeper by reducing unnecessary
invasive procedures. Table 2 summarizes the potential role
of CTP for a wide spectrum of ischemic heart disease pa-
tients.

Stable angina

Myocardial perfusion imaging by CT can improve patient
management in stable angina. In the multicenter prospective
CRESCENT-II (Comprehensive Cardiac CT Versus Exercise
Testing in Suspected Coronary Artery Disease 2,
NCT02291484) trial a diagnostic pathway including CTP
was compared with traditional functional testing in patients
with stable chest pain and found to be an effective and safe
alternative for the diagnosis of CAD by lowering rates of
ICA without coronary revascularization [48]. Similarly, in
another study including 240 consecutive patients, adding
dynamic CTP to CTA significantly reduced the number of
unnecessary invasive testing in patients with intermediate
risk for CAD (CTA only: 50.0% [29/58] versus CTA þ CTP:
10.8% [4/37], P < 0.0001) [49]. Myocardial ischemia was
determined as MBF ≤ 100 mL/100 mL/min. In addition, van
Rosendael et al. found a five-fold reduction of performing
ICA in patients with obstructive CAD in case of normal
myocardial perfusion on static stress CTP images [50].

Patients with extensive coronary calcification detected on
native CT scans could be an optimal target for stress CTP. In
challenging cases such as severe calcification (coronary cal-
cium score ≥ 400), combined CTA and CTP is superior to
CTA alone by providing additional functional information
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of coronary lesions (AUC 5 0.97 versus AUC 5 0.088, P 5
0.030). However, in patients with high pretest probability or
known CAD combining CTA and CTP did not improve
diagnostic performance in case of low Agatston calcium
score (coronary calcium score < 400) [51].

More recent studies also examined the impact of MBF as
assessed by dynamic CTP on clinical outcomes and found
that it has an additive prognostic value over coronary CTA
and is an independent predictor of major adverse cardio-
vascular events (MACEs). Using dynamic CTP, a summed
stress score based on MBF values proved to be prognostically
relevant after adjusted for obstructive CAD on CTA with
hazard ratio (HR) of 5.7 (CI: 1.9–16.9, P5 0.002) [52]. Also,
myocardial perfusion defect defined by low index-MBF
(<0.88) calculated as a ratio between each segment and
global MBF values was associated with MACE after adjust-
ing for coronary CTA, CT-FFR findings, age, sex, and risk
factors (HR: 10.1, CI: 2.1–48.8, P 5 0.004) [53]. Notably,
dynamic CTP derived perfusion parameters had additive
prognostic value beyond clinical risk factors and stenosis
severity assessed by coronary CTA [54]. Moreover, the
extent of myocardial perfusion defect was also a prognosti-
cator of MACE.

Currently, two large, randomized trials aimed to evaluate
the clinical utility and prognostic value of CTP. The CTP-
PRO (Impact of Stress Cardiac Computed Tomography
Myocardial Perfusion on Downstream Resources and
Prognosis in Patients with Suspected or Known Coronary
Artery Disease, NCT03976921) study is an international,
multicenter, prospective, open-label, randomized trial
focusing on the cost-effectiveness of combined CTA þ CTP
strategy versus usual care in 2,000 intermediate-high risk
patients with suspected or known CAD [55]. The PERFUSE
RCT (Prospective Evaluation of Myocardial Perfusion
Computed Tomography Trial, NCT02208388) sought to
investigate the safety and effectiveness of CTP guided
revascularization versus FFR guided revascularization in
1,000 patients with suspected stable CAD.

Besides the assessment of epicardial coronary arteries,
CTP allows for the detection of microvascular dysfunction,
although regarding data are scarce. Coronary flow reserve
can also be accurately evaluated using specific dynamic CTP
protocols in rest and stress phase [56]. In a recent study,
quantified MBF using dynamic CTP also appeared to be
significantly lower in myocardial segments affected by
microvascular obstruction and had excellent diagnostic

Table 2. Potential clinical use of CTP in the spectrum of ischemic heart disease

Potential role of CTP

Stable angina Improve patient management in stable
angina by detecting ischemic segments.
Better gatekeeper function of FFR by

reducing unnecessary invasive
procedures.

Superior spatial resolution as compared
with SPECT.

Useful in patients with extensive
calcification (blooming artifacts).

Multivessel CAD evaluation to select
vessel(s) for revascularization (dynamic

CTP).
Prognostic information provided by

combining plaque burden and ischemic
load.

Ischemia detection in the presence of
previously implanted stents.
Evaluation of microvascular

dysfunction using parameters of
myocardial tissue hemodynamics.

Acute chest pain Exclude obstructive CAD in patients
with low risk for ACS.

Post-myocardial infarction Improve risk prediction in patients after
MI by evaluating infarcted territories.

Extensive non-obstructive CAD Global ischemia detection by
quantitative CTP parameters.

Diabetes mellitus and arterial
hypertension

Early identification of epicardial
coronary atherosclerosis, microvascular
dysfunction and impaired myocardial
perfusion in patients at higher risk.

ACS: acute coronary syndrome; CAD: coronary artery disease; CCTA: coronary CT angiography; CTP: CT perfusion; FFR: fractional flow
reserve; MI: myocardial infarction; SPECT: single-photon emission computed tomography.
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accuracy compared to the reference CMR data (AUC 5
0.996, P < 0.001) [57].

A sub-study of the CORE320 prospective trial divided
patients into 3 groups based on the presence of obstructive
CAD or perfusion defect defined by either coronary CTA
and CTP or ICA and SPECT. Patients with ischemia but no
obstructive stenosis (INOCA) were identified using CTA
and static CTP. Interestingly, higher prevalence of positive
remodeling, greater total and low attenuation atheroma
volume was present in the INOCA group as compared to
patients without either obstructive CAD or ischemia [58].

CTP after coronary intervention

Although only few studies are available, the use of CTP
could also be beneficial in patients with prior coronary
intervention for detecting residual ischemia. Due to the
metallic artifacts the evaluation of coronary stents by CTA is
limited. Adding stress CTP to rest CTA aids the diagnosis of
in-stent-restenosis and helps the identification of patients
who need further intervention (AUC 5 0.82 for CTP and
CTA versus AUC 5 0.69 for CTA alone, P < 0.001) [59].

Acute chest pain

For patients presenting with acute on-set chest pain with low
risk for acute coronary syndrome (ACS) coronary CTA is a
reliable tool to exclude obstructive CAD [60]. The use of
CTA can result in decreased time to diagnosis and to
discharge, however it could also drive revascularization rates
higher. In the CATCH-2 (Cardiac CT in the Treatment of
Acute Chest Pain 2, NCT02014311) randomized controlled
trial combined CTA þ CTP was compared to CTA alone for
the diagnosis and treatment of ischemic heart disease. The
trial included patients with acute chest pain after ACS was
ruled out by standard care. The combined protocol
decreased the number of further invasive examinations and
helped in guiding patient management [61]. In addition, in a
similar patient population visual and semi-quantitative
perfusion defect assessed by static CTP was associated with
MACE with a median follow-up of 19 months indepen-
dently of the patient’s pretest probability. For visual perfu-
sion defect the adjusted hazard ratio was 39 (CI: 11–134, P <
0.0001), while for impaired perfusion based on TPR (cut-off
0.89) hazard ratio was 0.99 (CI: 0.98–0.99, P < 0.0001).
Moreover, poor prognosis was related to cases where >10%
of left ventricular myocardium was affected [62].

Post-myocardial infarction patients

It has been suggested that the evaluation of infarcted area
after acute myocardial infarction (AMI) could improve risk
prediction, as irreversible myocardial damage is a strong
long-term prognosticator. Analyzing irreversibly damaged
myocardial areas is feasible using CTP parameters [63].
Nakauchi et al. quantified MBF parameters using dynamic
CTP with deconvolution analysis in patients after AMI and
measured significant differences in tissue blood flow and
blood volume between infarcted and non-infarcted

myocardial territories (mean MBF: 51.96 versus 108.84 mL/
100 g/min, P < 0.01) [64]. In patients with ST-segment
elevation myocardial infarction and successful revasculari-
zation Pan et al. found that MBF derived from dynamic CTP
significantly and inversely correlated with peak Troponin T
levels (r5 �0.682, P < 0.001) and left ventricular function at
6 months (r 5 0.585, P 5 0.001) [65].

Extensive non-obstructive CAD

In cases of large atherosclerotic plaque burden without
obstructive stenosis the assessment of ischemia by CT could
help in identifying patients at highest cardiovascular risk.
Meinel et al. demonstrated that dynamic CTP is suitable for
the evaluation of global myocardial perfusion parameters
[66]. Global MBF, MBV, and volume transfer constant
(Ktrans) were analyzed and correlated well with the severity
and extent of CAD on coronary CTA and visual perfusion
defects. In addition, after a follow up of 6, 12, and 18 months
MBF predicted cardiovascular outcomes with a two-fold
increased risk for major events in case of global MBF < 121
mL/100 mL/min [67]. Global MBF also showed incremental
prognostic value over age, gender, clinical risk factors and
stenosis severity on coronary CTA.

Diabetes mellitus and arterial hypertension

Dynamic CTP provides global quantification of LV
myocardium that could improve early recognition of
developing ischemic heart disease in different conditions
such as diabetes mellitus or hypertension. Using dynamic
CTP lower global perfusion values were found in patients
with hypertension and diabetes mellitus with suspected
CAD (hypertension versus normotension: MBV 18.5 ± 3.0
versus 19.7 ± 2.3 mL/100 mL, P < 0.05; diabetes versus no
diabetes: MBV 17.9 ± 2.4 versus 19.4 ± 2.8 mL/100 mL, P <
0.05) [68]. Furthermore, longer duration of diabetes was
associated with lower MBF assessed by dynamic CTP, yearly
6% additional risk was detected for decreased MBF [69].
Further larger studies are needed to establish the role of CTP
in the diagnosis of common comorbidities such as diabetes
and hypertension.

Conclusion and future perspectives

CTP is a promising tool for the identification of the presence
and severity of perfusion abnormalities using either qualita-
tive or quantitative analysis in patients with stable or even
acute chest pain. Patients with extensive CAD and diffuse
calcifications are optimal candidates to further improve the
gatekeeper functionality of CTA. CTP can substantially in-
crease the diagnostic accuracy of coronary CTA to identify
possible candidates for revascularization and aggressive sec-
ondary prevention. However, differences in image acquisition
protocols, image analysis, and artifacts limit the widespread
clinical use of CTP. Advancements in scanner technology,
post-processing software, and image reconstruction may help
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overcome the limitations of CTP. Also, further studies are
warranted to establish proper indications for patients, who
could benefit the most from CTP imaging (i.e., patients with
diabetes, post-PCI, multivessel-disease, microvascular
dysfunction). Furthermore, spectral CT imaging might help
detect true perfusion defects using iodine density re-
constructions in the future. Also, radiomic and machine
learning analysis of the left ventricle may help overcome the
limitations of CTP interpretation, especially the subjectivity
of visual assessment. Furthermore, radiomics and machine
learning may help in identifying new imaging biomarkers of
the myocardium from CTP scans which may better identify
myocardial injury and assist clinical decision making.
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