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1. Introduction  

Cardiovascular diseases, including coronary artery disease 

(CAD), remain the leading cause of mortality worldwide and 

impose a significant burden on healthcare systems. While 

mortality from myocardial infarction and stroke has decreased 

in Hungary over the past 15 years, deaths from other ischemic 

heart diseases have doubled, underscoring the importance of 

prevention and early detection. Established risk scores (e.g. 

SCORE2, ASCVD) rely on traditional risk factors but may fail 

to identify all high-risk individuals due to changing population 

health trends. CAD is a chronic and dynamic process with often 

asymptomatic progression, and initial presentation may be acute 

coronary syndrome or sudden cardiac death. Non-invasive 

imaging, particularly coronary computed tomography 

angiography (CTA), has gained a central role in early detection 

and risk stratification of CAD. Coronary CTA is now a class I 

recommended first-line diagnostic modality in chronic coronary 

syndrome (CCS), with high accuracy for ruling out obstructive 

CAD and assessing plaque burden and high-risk plaque (HRP) 

features. CTA allows anatomical and, using advanced 

techniques, functional evaluation of CAD. Quantitative plaque 

assessment enables the analysis of plaque composition and 

volume, which are increasingly recognized as independent 

predictors of cardiovascular events. Recent evidence highlights 

the importance of total coronary plaque burden - beyond luminal 

stenosis severity - in personalized prevention strategies. 

Functional assessment using dynamic myocardial perfusion CT 

(DPCT) complements anatomical data by detecting ischemia 

with high spatial resolution. Combining CTA and DPCT in a 

single exam allows for the simultaneous evaluation of coronary 

morphology and myocardial perfusion, enhancing clinical 

decision-making. The advent of photon-counting CT (PCCT) 

technology represents a breakthrough in cardiac imaging, 
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offering superior spatial resolution, noise reduction and 

improved tissue characterization. PCCT enables advanced 

plaque characterization and virtual monoenergetic imaging 

(VMI), which may affect quantitative plaque measurements. 

 

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. 

2.2 Defining the association between quantitative coronary 

plaque metrics and myocardial ischemia using CTA. 

2.3 Defining the changes in quantitative coronary plaque 

characteristics using spectral CTA imaging. 

 

3. Methods 

3.1 Methods for plaque progression assessment 

In this retrospective study we included patients who underwent 

serial coronary CTA (≥1-year interval) using the same 256-slice 

CT scanner (Philips Brilliance iCT). Exclusion criteria were 

prior myocardial infarction, revascularization, heart 

transplantation, or non-diagnostic image quality. Most patients 

underwent follow-up CTA for recurrent angina (76.6%) or pre-

ablation evaluation of atrial fibrillation (23.4%). All CTA 

examinations were ECG-triggered and followed SCCT 

guidelines. Standardized protocols included beta-blocker and 

sublingual nitroglycerine administration for optimal image 

quality. Coronary plaques were evaluated in ≥1.5 mm segments 

based on established HU thresholds (≥130 HU for calcified, 

<130 HU for non-calcified). Plaque burden was defined by using 

segment involvement score (SIS), segment stenosis score (SSS) 

and CAD-RADS classification. Progression was defined as any 

increase in these metrics. Baseline and follow-up scans were 



4 

 

read simultaneously by a blinded observer. A paired sample t-

test was used to compare parameters describing coronary plaque 

burden between the two CTA examinations. Linear mixed 

models were used to analyze repeated observations at non-

standardized intervals. 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. 

 

3.2 Methods for the association of quantitative plaque 

metrics and myocardial ischemia 

In this prospective, single-center study, patients with stable chest 

pain and ≥30% stenosis detected on coronary CTA were 

enrolled. Exclusion criteria were prior myocardial infarction, 

revascularization, heart transplantation, contraindications to 

regadenoson, or inadequate image quality. Regadenoson stress 

DPCT was performed separately. Coronary CTA acquisition 

protocol was identical to previous substudy of the thesis 

described at section 3.1. Stress DPCT was performed after rest 

CTA on the same scanner. Hyperemia was induced with a single 

400 µg intravenous dose of regadenoson, and imaging was 

acquired during a single breath-hold at peak stress, one minute 

post-injection, covering 25-30 cardiac cycles. Prospective ECG-

gated dynamic imaging was acquired in systole (35% R-R 

interval). Quantitative plaque analysis was performed on rest 

CTA images using a dedicated software (QAngioCT Research 

Edition v3.1; Medis Medical Imaging Systems). Coronary 

segments were defined by the 18-segment SCCT model and 

analyzed by a single blinded reader for vessels >1.5 mm. Plaques 

were classified by HU thresholds: LAP: -100-30; NCP: 31-350; 
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CP: ≥351. Volumes of total plaque and subcomponents were 

calculated, with LAP burden defined as LAP 

volume×100%/vessel volume. Lumen stenosis was measured at 

maximal narrowing, remodeling index (RI) was computed as the 

ratio of vessel wall area at the site of maximal luminal narrowing 

to the reference vessel wall area, and HRP as quantitative LAP 

burden >4% or a RI >1.1. DPCT images were analyzed using a 

dedicated software (Intellispace Portal; Philips Healthcare). 

Short-axis views were used for left ventricular myocardial 

assessment, and ROIs >0.5 cm² were placed in each myocardial 

segment using a 16-segment model. MBF was computed using 

hybrid deconvolution method, with two blinded readers 

independently analyzing segments. Myocardial ischemia was 

defined as MBF <101 ml/100 g/min. Relative MBF (MBFi) was 

calculated as absolute MBF/reference MBF (75th percentile of 

all MBF values for a given patient). 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 TPV, NCP volume, and CP 

volume from all relevant supplying coronary segments were 

aggregated for each myocardial segment. 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, 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). 
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3.3 Methods for quantitative plaque characterization using 

photon-counting CT 

In this prospective, single-center study, consecutive patients 

undergoing clinically indicated coronary CTA for suspected or 

known CAD were screened. Inclusion required diagnostic image 

quality and ≥1 discernible lesion in a main coronary artery; 

patients with stents, bypass grafts, or severe artifacts were 

excluded. Coronary CTA was performed on a first-generation 

dual-source PCCT scanner (NAEOTOM Alpha, Siemens 

Healthineers) following SCCT guidelines. VMIs were 

reconstructed from 40-180 keV (in 10-keV increments), and 

polychromatic images at 120 kVp (T3D) were also generated as 

reference standard for comparison. Coronary plaque was 

analyzed on CTA using dedicated semi-automated software 

(AutoPlaque 2.5; Cedars-Sinai Medical Center) by a single 

experienced reader. The lesion with the greatest stenosis was 

selected per patient to mitigate potential intra-patient clustering 

effects. Vessel centerlines and plaque borders were defined on 

T3D images, with automated lumen/vessel wall contouring and 

manual correction as needed. Segmentation masks from T3D 

were applied across all VMIs to ensure to ensure uniform 

analysis of the same voxels. 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). Plaque volumes (CP, NCP, LAP) were calculated, 

with components defined by two established HU-threshold 

methods: Method 1: LAP: -100-30 HU; NCP: 30-350 HU; CP: 

>350 HU; Method 2: LAP: <30 HU; NCP: 30-130 HU; CP: 

>130 HU. To compare 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 
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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%. 

 

4. Results 

4.1  Results of plaque progression assessment  

A total of 115 patients were enrolled (mean age 60.1 ± 9.6 years, 

27% female). The average interval between the two CTA 

examinations was 2.6 ± 1.1 years. The mean effective radiation 

dose was 5.07 mSv at baseline and 5.09 mSv at follow-up 

(p=0.822). 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%).  

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% 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. 

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. Notably, among patients without CAD-RADS 

progression during follow-up, 34.1% and 17.1% experienced 

progression in SSS and SIS, respectively (Figure 1). Among 

those who progressed based on SSS, only 54% showed changes 



8 

 

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. 

 

 
Figure 1. Sankey diagram depicting coronary plaque 

progression based on SSS among those with no progression in 

CAD-RADS classification for lesion severity. (Source: 

Szilveszter B., Vattay B., et al. Eur Heart J Cardiovasc Imaging. 

2022;23(11):1530-1539. CC BY 4.0) 

 

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. 
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Notably, CAD-RADS was not influenced by any cardiovascular 

risk factor (all p≥0.05). 
 

4.2 Results of the association of quantitative plaque metrics 

and myocardial ischemia  

A total of 30 patients were analyzed in the study (mean age 60.9 

± 8.3 years, 26.7% female). 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. TPV, 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 

(Figure 2).  

Figure 2. 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) 

 

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). 
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The number of ischemic segments was 164 out of 480 (34.2%). 

The median MBF was 111 ml/100g/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.  

Using linear mixed models, univariate analysis showed that total 

plaque volume predicted both absolute and relative MBF values. 

Clinical risk factors, HRP and stenosis severity were not 

associated with impaired MBF or MBFi. On multivariate 

analysis, an increase in TPV led to reduced MBF and MBFi 

values, even after adjusting for clinical risk factors, lumen area 

stenosis and HRP: 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 multivariate logistic regression, after adjusting for 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, HRP and lumen area stenosis 

were not linked to ischemia (both p>0.05). 

 

4.3 Results of quantitative plaque characterization using 

photon-counting CT  

A total of 51 plaques from 51 patients were included in the 

analyses. The average TPV was 270.2 ± 208.7 mm³ on T3D 

images. The mean effective radiation dose was 5.2 ± 4.3 mSv. 

Using method 1 thresholds, 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, while 
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the highest was seen using 70 keV. Mean NCP volume 

measured on 100-180 keV reconstructions did not differ 

significantly from T3D images (p>0.05 for all) (Figure 3A). The 

average CP volume showed a significant graded decrease with 

increasing keV levels (p<0.05 for all) (Figure 3B). An 

increasing LAP volume was observed with each increment in 

keV level, showing a significant difference between each step 

(p<0.0001 for all). Mean LAP volumes differed significantly 

between T3D and VMI reconstructions, except for the 50 keV 

images (p=0.63) (Figure 3C). 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). 

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). 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).  

For plaque volumes using thresholds from method 1, the largest 

difference for CP and NCP volumes were observed on 40 keV 

images compared to T3D (p<0.0001). The smallest relative 

differences were found using 70 keV images (p<0.0001). The 

mean LAP volume showed the largest discrepancy on 180 keV 

reconstruction (p<0.0001), and the smallest on 50 keV images 

(p=0.63). Using method 2 for plaque quantification, the greatest 

difference in CP volume was between 180 keV and T3D 

(p<0.0001). The lowest relative difference of CP volume was on 
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70 keV images (p<0.001). For NCP volume compared to T3D, 

the greatest and smallest differences were found using 40 keV 

(p<0.0001) and 70 keV (p=0.54), respectively. The largest 

relative difference for LAP volume was seen on 180 keV images 

(p<0.0001), while the smallest on 40 keV images (p=0.65). 

 

, 

Figure 3. Box plots depicting the distribution of plaque volumes 

(method 1) in T3D images and different VMI energy levels. 

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

CC BY 4.0) 
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5. 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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