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Abstract

:

(1) Background: Whether coronary computed tomography angiography (CTA) or the coronary artery calcium score (CACS) should be used for diagnosis of coronary heart disease, is an open debate. The aim of our study was to compare the atherosclerotic profile by coronary CTA in a young symptomatic high-risk population (age, 19–49 years) in comparison with the coronary artery calcium score (CACS). (2) Methods: 1137 symptomatic high-risk patients between 19–49 years (mean age, 42.4 y) who underwent coronary CTA and CACS were stratified into six age groups. CTA-analysis included stenosis severity and high-risk-plaque criteria (3) Results: Atherosclerosis was more often detected based on CTA than based on CACS (45 vs. 27%; p < 0.001), 50% stenosis in 13.6% and high-risk plaque in 17.7%. Prevalence of atherosclerosis was low and not different between CACS and CTA in the youngest age groups (19–30 y: 5.2 and 6.4% and 30–35 y: 10.6 and 16%). In patients older than >35 years, the rate of atherosclerosis based on CTA increased (p = 0.004, OR: 2.8, 95%CI:1.45–5.89); and was higher by CTA as compared to CACS (34.9 vs. 16.7%; p < 0.001), with a superior performance of CTA. In patients older than 35 years, stenosis severity (p = 0.002) and >50% stenosis increased from 2.6 to 12.5% (p < 0.001). High-risk plaque prevalence increased from 6.4 to 26.5%. The distribution of high-risk plaque between CACS 0 and >0.1 AU was similar among all age groups, with an increasing proportion in CACS > 0.1 AU with age. A total of 24.9% of CACS 0 patients had coronary artery disease based on CTA, 4.4% > 50% stenosis and 11.5% had high-risk plaque. (4) Conclusions: In a symptomatic young high-risk population older than 35 years, CTA performed superior than CACS. In patients aged 19–35 years, the rate of atherosclerosis was similar and low based on both modalities. CACS 0 did not rule out coronary artery disease in a young high-risk population.
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1. Introduction


The coronary artery calcium score (CACS) is a screening tool for coronary artery disease (CAD) in asymptomatic low-to-intermediate risk patients, based on trials mainly enrolling adults older than 50 years [1,2,3].



Coronary artery calcium has been also associated with a 3-up to 5-fold increased risk of fatal and nonfatal coronary heart disease events in younger individuals between 32 and 46 years of age [1], and CACS of >100 Agatston Units (AU) with early death [1]. The CACS has an excellent negative prognostic value, as shown in numerous large cohorts [3] consisting mainly of elderly adults, however its positive predictive value is lower [4]. Recent data showed that coronary heart disease mortality rate is also low for younger patients aged 30–49 years with CACS 0 [2]. However, mortality is naturally lower in this age group, while non-fatal STEMI or NSTEMI–ACS occurs more often, which were not included as study endpoints in most of those trials [2,4]. The majority of culprit lesions in acute coronary syndromes show signs of plaque vulnerability [5,6], such as a lipid-rich low-attenuation plaque (LAP < 30 HU) [6] and others based on coronary computed tomography angiography (CTA)(“high-risk-plaque” = HRP-criteria) [6,7,8,9,10]. Especially in younger individuals, early stages of atherosclerosis—without a calcified plaque component—may be more common. Accordingly, coronary CTA may be a superior imaging modality in this population, due to its ability to detect high-risk plaque and graduate stenosis severity [11]. High-risk plaque (HRP) is a novel imaging biomarker that predicts major adverse cardiac events, independent of cardiovascular risk factors, the CACS, and stenosis severity [6].



Coronary CTA is recommended by the ESC 2019 as Class I indication in patients with chronic coronary syndromes and low-to-intermediate and high pre-test probability [12]. The coronary artery disease burden based on CTA in relationship to CACS is not well described in young adults < 49 years of age. In the largest series of 914 asymptomatic healthy Koreans (<45 years), only 9.4% had subclinical atherosclerosis, and the rate of stenosis > 50% was very low with 0.1% [13]. No data exist for Caucasians, and no large cohorts of young “high-risk” symptomatic individuals have been investigated.



Therefore, our objective was to define the coronary artery disease profile by coronary CTA (stenosis severity and high-risk plaque criteria) in a symptomatic high-risk population of young adults aged 19–49 years in comparison with the coronary artery calcium score, stratified into six different age groups.




2. Materials and Methods


We screened our hospital database for cardiac CTAs performed between 2005 and 06/2020 for clinical indications and selected patients with an age of 19–49 years. The study design was retrospective. Our institutional review board regulations do not require approval for retrospective studies.



Inclusion criteria: (i) age 19–49 years; (ii) “high-risk” symptomatic patient: prior diagnosis of “suspected coronary artery disease” by a board-certified cardiologist within three before CTA including a physical exam, detailed record of chest pain symptoms (atypical, typical or non-specific) and their characteristics, ECG (rest and/or treadmill stress ECG) or SPECT myocardial perfusion, an echocardiography and a detailed record of the major cardiovascular risk factors (arterial hypertension, cigarette smoking, family history, dyslipidemia including total cholesterol and c-low-density lipoprotein value, diabetes and body mass index). Coronary artery disease (or coronary anomaly) was suspected based on either atypical or typical chest pain symptoms and/ or other suspicious pre-tests listed above if chest pain was absent. Suspicious findings included new onset of severe high-grade arrhythmia or prior cardiac arrest (atrial fibrillation, or others such as complex premature beats, ventricular tachycardia, new left or right bundle branch block, AV-Block ≥ II)—new onset, during treadmill and not related to other underlying known conditions. Highly positive family history of ≥1 close relative 1st order; and cardiac events or unknown sudden cardiac death at a young age (<55 years). (iii) Mild or transient troponin elevations not meeting NSTEMI or STEMI ACS criteria—without a clear presentation of myocarditis requiring differential diagnostic work-up.



Exclusion criteria: Known coronary artery disease, including prior coronary artery bypass grafting, prior PCI/STENT, prior myocardial infarction, patients referred for congenital or structural heart disease evaluation (valves, interventional planning, cardiac devices and masses).



Coronary Computed Tomography Angiography (CTA). A non-contrast ECG-gated coronary artery calcium score (CACS) with standardized scan parameters (detector collimation 64 × 1.5 mm; 120 kV; image reconstruction 3 mm slice width, increment 1.5); prospective ECG-triggering was performed. The Agatston Score (AU) [14] was calculated. Coronary CTA was performed either with a 128-slice dual-source CTA (Definition FLASH, Siemens Healthineers, Erlangen, Germany) (2010–2020) with a detector collimation of 2 × 64 × 0.6 mm and a z-flying spot and a rotation time 0.28 s or a 64-slice CTA (Somatom 64, Siemens, Erlangen, Germany) (2005–2009) detector collimation of 64 × 0.6 mm and a rotation time of 0.33 s). Prospective ECG-triggering was used in regular heart rates < 65 bpm (70% of RR-interval) and retrospective ECG-gating in heart rates > 65 bpm and irregular rates. An iodine contrast agent (Iopromide, Ultravist 370™, Bayer Healthcare, Berlin, Germany) was injected intravenously (flow rate 4–6 mL/s + 40 cc saline), triggered into the arterial phase (bolus tracking; 100 HU threshold; ascending aorta). Contrast volume ranged from 65 to 120 cc (mean, 70–80 mL) according to the individual patient characteristics. Axial images were reconstructed with 0.75 mm slice width (increment 0.4/medium-smooth kernel B26f 3-SAFIRE) during the best diastolic and systolic phase.



Coronary CTA image analysis. Curved multiplanar reformations (cMPR) and oblique interactive MPR using client-server based 3-D post-processing software (SyngoViaTM, Siemens Healthineers, Erlangen, Germany) were generated:




	
The coronary stenosis severity was scored qualitatively according to the CAD-RADSTM score (0–5) as minimal (1) <25%, mild (2) 25–49.9%, moderate (3) 50–69.9%, severe (4) ≥70–99% and (5) occluded 100% [15] on a per-coronary segment-base (AHA-modified-17-segment classification)



	
High-risk plaque (HRP) analysis: Low attenuation plaque (LAP) was defined as hypoattenuating lesion with <150 Housfield Units (HU). CT-density was screened with the “pixel lens” and the lowest HU recorded [8]. Then, a region-of-interest (ROI) of approximately 2 mm2 size was placed at the region of lowest density and drawn as large as possible, while sparing areas affected by artifacts or adjacent to calcifications and the CT-attenuation (HU) quantified. If a patient had multiple lesions, the one with the lowest HU was selected for a patient-based analysis. Low-attenuation plaque (LAP) was stratified into LAP < 90 HU, <60 HU (fibrofatty) [10], and LAP < 30 HU (lipid-rich necrotic core) [6,9]. The napkin-ring sign was defined as an outer high-density rim with an inner hypodense area [7]. Spotty calcification was defined as a calcification of less than 3 mm size. The remodeling index was calculated as the ratio of the maximal cross-sectional lumen of the plaque diameter and its closed proximal (or distal, e.g., in case of ostial lesions) normal reference vessel lumen diameter. Positive remodeling was defined as remodeling index > 1.1.








High-risk plaques were defined if a minimum of two out of four criteria were present (CAD-RADS/V).



CTA analysis was performed by two independent observers (>6 months and 10 years of experience). A consensus reading was obtained. Patients with limited image quality (poor but diagnostic) due to artifacts (motion blurring, high image noise, beam hardening, or streak artifacts) were labeled as CADRADS N/6 and excluded from the following quantitative high-risk plaque analysis: All lesions scored as LAP < 60 HU were further processed by 3D post-processing research software (SyngoVIA Frontier Research, Plaque Analysis, Siemens Healthineers), and the ratio and volume of lipid-rich and fibrofatty plaques were defined (Figure 1a). Semiautomated plaque analysis was performed. The lesions were segmented fully automatically based on a coronary-tree extraction algorithm, and the plaque volume was calculated based on outer and inner wall segmentation. The accuracy of segmentation results was assured visually, and contours adjusted manually. Only lesions with a verified LAP < 30 HU component (Ratio > 1.0) based on the software were finally defined as “high-risk plaques”.



Statistical analysis. Statistical analysis was performed using SPSS™ software (V24.0, SPSS Inc., Chicago, IL, USA). Quantitative variables are expressed as means ± standard deviation (SD), categorical variables as absolute values and percentages. Differences in all parametric data between two groups were tested using the independent t-test in the case of a normal distribution, or the Mann–Whitney U test was applied for non-normally distributed and rank-scaled variables; the Kruskal–Wallis test was used to test for differences in the CAD-RADS score between groups and Chi-Square for categorical data. A two-sided p-value less than 0.05 was considered statistically significant.




3. Results


A total of 1137 patients (age, 19–49 years) were included. Table 1 shows the patient profile, CACS, and CTA results. A total of 70.5% of patients had CACS 0 and 29.5% had a positive CACS > 0.1 AU. Based on CTA, 54.4% had no atherosclerosis, 21.5% had non-obstructive coronary artery disease, and 13.7% had obstructive coronary artery disease (>50% stenosis). The rate of atherosclerosis based on CTA was significantly higher as compared to CACS (45% vs. 27%; p < 0.001). High-risk plaque features were found in 17.7%. Among patients with high-risk plaque, almost one-half (45.1%) had CACS 0. Among the different six age groups, there was no difference in gender (p = 0.407), smoking, positive family history, diabetes and body mass index. There was a small difference in dyslipidemia between age groups 1 and 2, but not between other groups. Arterial hypertension was slightly more common in patients older than 45 years.



Table 2 shows the CACS and coronary artery disease profile based on CTA, stenosis severity, and adverse “high-risk-plaque” (HRP) features among all six age groups. Prevalence of atherosclerosis based on CTA increased significantly from 16 to 34.9% between age group 2 + 3 (31–35 y and 36–40 y) (p = 0.004, Chi-Square; OR 2.8: 95%CI: 1.45–5.89) and increased further between age groups 3 + 4 (p = 0.003; OR 0.56: 95%CI: 0.382–0.8). The rate of atherosclerosis was low and not different between the youngest age groups (19–30 y and 31–35 y) (6.4% vs. 16.0%) (Figure 2) and increased with age.



Differences in atherosclerosis prevalence based on CACS and CTA: Below 35 years of age, the rate of atherosclerosis was low and not different between CACS and CTA (p = 0.703 for group 1 and p = 0.471 for group 2) and between group 1 and 2 (p = 0.209). In patients older than 35 years, the detection rate of atherosclerosis based on CTA increased compared to CACS (p < 0.001) for group 3 (36–40 y) and group 4 (41–45 y) (Figure 2, Table 2).



Stenosis severity (CAD-RADsTM): Stenosis severity was different among all six groups (p < 0.001). No difference (p = 0.220) was found between groups 1 and 2. In patients > 35 years of age, stenosis severity (CADRADS) (p = 0.002, Wilcoxon) increased. Between group 3 and 4 (p = 0.005), a further increase was observed, while no differences in CADRADS were found among age groups 1 and 2 (p = 0.740) and age groups 4 and 5 (p = 0.740). The rate of obstructive coronary artery disease was low and not different between group 1 and 2 (1.3 and 2.6%, p = 0.220) and increased significantly in patients older than 35 years (p < 0.001) (Figure 3).



High-risk plaque prevalence was low with 6.5% in the youngest age group 1 and increased linearly to 26.5% in group 6. Stepwise testing revealed no significant increase between all groups (Figure 4).



Figure 5 shows the distribution of high-risk plaque in patients with CACS zero as compared to those with coronary calcium (CACS > 0.1 AU). The distribution was not different among age groups, with a trend towards an increasing proportion of high-risk plaque in CACS > 0.1 AU with age. Table 2 shows the coronary artery disease profile for patients with CACS 0. One quarter (24.9%) of CACS zero patients had atherosclerosis based on CTA, out of those the majority (82.5%) had nonobstructive coronary artery disease. The rate of >50% stenosis was 4.4 and 11.5% of patients with CACS 0 had high-risk plaque.




4. Discussion


Our observational study shows the coronary artery disease (CAD) profile based on CTA compared head-to-head with CACS in a large symptomatic young high-risk population aged 19–49 years, including “high-risk plaque = HRP” criteria. High-risk-plaques are imaging biomarkers for adverse cardiac events [5,6,7,8,9,10,16,17], independent of stenosis severity and CACS, and well-known precursor lesions for ACS [16,17].



Our data show that for patients older than 35 years, CTA clearly outperformed CACS, while in those aged between 19 and 35 years, atherosclerosis detection rates were similar and the total prevalence of CAD low. While CTA has been recently recommended as Class IA indication in the ESC guidelines of 2019 in symptomatic patients with chronic coronary syndromes and a low-intermediate-high-risk of coronary artery disease as the non-invasive modality of choice for CAD [12], the large trials published over the last decade included mainly elderly patients with a mean age of 50–60 years. Large cohort data enrolling young adults are sparse: One study enrolled asymptomatic healthy no-or-low risk Asians [13]; however, there is no study that investigated symptomatic high-risk Caucasian individuals.



A provocative meta-analysis [18] recently proposed that CACS performs equal to CTA for the exclusion of coronary artery disease in patients with stable chest pain. However, this meta-analysis included studies in which patients underwent both CACS and CTA such as those from the CONFIRM-registry [19]. In these studies, CTA already acted as a gatekeeper to prevent adverse outcomes, by selecting those with >50% stenosis, who subsequently underwent coronary revascularization. It is therefore not clear if outcomes would have been as favorable—if the patients would have undergone CACS only.



Beyond mortality is known to be low in adults among all age groups [4] with CACS zero, and most studies did not include milder adverse cardiac outcomes such as nonfatal myocardial infarction, ACS NSTEMI-STEMI, which occur more frequent in younger adults than death. A mild CACS of 1–10 AU was associated with a higher risk of cardiovascular death at ages < 40 years, and CACS > 10 AU was associated with a higher risk of cardiovascular and all-cause death among all age groups [4]. We found a considerable percentage of high-risk plaque features in patients with no coronary calcium, ultralow CACS 0.1–0.9, and also low CACS, with a relatively even distribution among all age groups. Adverse plaque features often cause cardiac events in both non-obstructive and obstructive coronary artery disease [17]. Our data clearly oppose a CACS-only approach to rule out coronary artery disease in a symptomatic young high-risk population, especially in those older than 35 years of age. Even in the youngest age group 19–35 y, CACS did not 100% rule out coronary artery disease. Above 35 years of age, the prevalence of atherosclerosis, obstructive disease > 50%, stenosis severity, and adverse plaque features was higher, and continuously increased stepwise until 49 years of age, pointing at increasing diagnostic yield with age.



Our cohort further allowed for a more distinct age-group based consideration of “total coronary artery disease burden” based on CTA, which is known to be associated with higher annualized event rates [20]. Between 41 and 50 years, the highest percentage of >50% stenosis was found, and in about one quarter, high-risk plaques were present. In contrast, in the age groups 19–35 years, CTA and CACS performed relatively similarly for the detection of premature atherosclerosis. The percentage of stenosis > 50% in our cohort was very low in those < 35 years (1.3 and 2.6%) but higher than that reported by Jin et al. [13] in asymptomatic healthy young Asians (0.1%) [13]. Of note, high-risk plaque was also found in the youngest age group (<35 years) but at a very low proportion (8%). High-risk plaque criteria were found in both individuals with CACS zero and positive CACS > 0.1 AU at a relatively even distribution (Figure 5). This finding highlights the superiority of CTA over CACS for cardiovascular risk stratification based, as recently shown by the SCOT HEART trial [6] and others [16,17], in summary favoring coronary CTA over CACS. Despite the strength of CACS zero [1,4], the superiority of CTA over CACS even in the absence of coronary calcium is supported by other studies [21,22,23] in adults > 50 years: In 6531 asymptomatic Asians with CACS 0 (age, mean 50 years) who underwent CTA as part of a health check-up, both fatal and non-fatal events were predicted by obstructive coronary artery disease and non-calcified plaque with lower HU, despite the low total event rate, i.e., 0.2% [21]. Similarly, in another study [22] recruiting symptomatic low-intermediate risk Caucasians (mean age 57.9 years), a higher prevalence of atherosclerosis (25.9%) was reported with a low event rate. The reason was that CTA acted as gatekeeper to select those with >50% stenosis who subsequently underwent coronary revascularization, supporting the ESC 2019 guidelines [12] rather than the meta-analysis [18]. Similar results were observed by Yu et al. [23] in an elderly symptomatic Asian population (age, 54 years, n = 5541) with CACS 0, in which the rate of obstructive disease was higher with 9.32% [23], than in asymptomatic individuals; however high-risk plaque were not assessed in this study. In the CONFIRM registry, CTA added incremental value over CACS for the prediction of major adverse cardiac events in CACS > 100 AU [24] only and in the elderly, but not within the lower age tertiles < 52 years. However, only stenosis severity and total plaque burden based on CTA [24] were included, and not high-risk plaque criteria, and the population was much older than ours. Importantly, our cohort represents a “high-risk” symptomatic population of young adults with suspected coronary heart disease based on pre-tests and the clinical presentation, comprising a pathological pre-test, borderline or transient Troponin elevations, a recent onset of high-grade arrhythmia or other arrhythmogenic events such as cardiopulmonary resuscitation (CPR), requiring further diagnostic workup. The minority had normal pre-tests, but in those, a very high CV-risk, such as a history of fatal premature CAD or sudden cardiac death of one or several of their close relatives <50 years of age or premature diabetes (Figure 1), was present. Osei et al. [25] identified a high number of CV risk factors (≥3) as the best predictors of a positive CAC in a small cohort of 373 young individuals (age 20–30 years), supporting our study findings. However, this study [25] did not evaluate the percentage of obstructive disease and high-risk plaque features based on CTA. Young adults will benefit from early restrictive primary prevention measures such as lifestyle modifications [26] or medical therapy.



Study limitations. The six age groups were matched for cardiovascular risk factors, with only minor differences in arterial hypertension rates between the highest age group, and a slightly lower prevalence of dyslipidemia in the youngest < 30 years. The advantage of CACS in younger adults is a lower radiation dose.



Therefore, in those < 30 years, the decision whether to choose CACS or CTA must be made very carefully and individually, based on the likelihood of obstructive coronary artery disease. Only very high risk and symptomatic young patients < 30 years, with a high suspicion of premature coronary atherosclerosis based on the clinical presentation (risk factors, chest pain, pre-test findings and cardiac enzyme). The radiation dose is usually still higher for CTA compared to CACS (≤1 mSv). Depending on the scanner type and patient characteristics, the radiation dose was, on average, 10 times higher for CTA when using a newer CT scanner generation, the 128-dual source CT, in our cohort. New technical developments provide the capability of performing CTA at an ultralow radiation dose exposure of 1–3 mSv, which is almost comparable to CACS. Importantly, radiation exposure is highly variable (1–15 mSv) for CTA among different CT scanner types and protocols and must be considered carefully in younger individuals.



We did not assess the relationship between cardiovascular risk factors and the atherosclerosis profile, which has been investigated by numerous previous studies. Specific risk factors are known to promote specific plaque phenotypes [27].




5. Conclusions


In young symptomatic high-risk individuals older than 35 years of age, coronary CTA performed better than CACS. In those aged between 19 and 35 years, both CACS and CTA had a relatively similar detection rate of atherosclerosis, and total prevalence of atherosclerosis was low. However, CACS 0 did not reliably rule out coronary artery disease. Therefore, in very young patients, <35 years of age, individual decisions on referrals to CACS, coronary CTA or cardiac magnetic resonance imaging—depending on the specific clinical presentation (risk profile, cardiac enzymes and likelihood of ischemia)—are most reasonable.







Author Contributions


Conceptualization, G.M.F. and F.P.; methodology, G.M.F. and F.P.; software, G.M.F., C.B. and F.P.; validation, F.P., F.B. and G.M.F.; formal analysis, G.M.F.; investigation, C.L., C.B., F.P., A.L., A.A. and G.W.; resources, W.D., G.F., G.M.F., G.W. and G.F.; data curation, C.L., F.P., C.B., F.B., S.B., P.S., A.L., T.S. and G.W.; writing—original draft preparation, G.M.F. and F.P.; writing—review and editing, C.L., C.B., F.P., G.M.F., G.F., W.D., G.W., A.A., A.L., T.S. and P.S.; visualization, F.B., G.M.F. and F.P.; supervision, G.M.F.; project administration, C.L., F.P., C.B. and T.S.; funding acquisition, none. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki. Ethical review and approval were waived for this study due to our internal IRB regulations, which do not require approval for retrospective studies. (A confirmation letter of our IRB can be provided.)




Informed Consent Statement


Not applicable. (Retrospective Study).




Data Availability Statement


The data have not been made publicly available. Data are stored locally and can be provided upon request.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


Coronary computed tomography angiography (CTA), coronary artery calcium score (CACS), Agatston Units (AU), Hounsfield Units (HU), high-risk plaque (HRP), low-attenuation plaque (LAP), European Society of Cardiology (ESC).




References


	



Carr, J.J.; Jacobs, D.R.; Terry, J.G.; Shay, C.M.; Sidney, S.; Liu, K.; Schreiner, P.J.; Lewis, C.E.; Shikany, J.M.; Reis, J.P.; et al. Association of Coronary Artery Calcium in Adults Aged 32 to 46 Years With Incident Coronary Heart Disease and Death. JAMA Cardiol. 2017, 2, 391–399. [Google Scholar] [CrossRef]

	



Miedema, M.D.; Dardari, Z.A.; Nasir, K.; Blankstein, R.; Knickelbine, T.; Oberembt, S.; Shaw, L.; Rumberger, J.; Michos, E.D.; Rozanski, A.; et al. Association of Coronary Artery Calcium With Long-term, Cause-Specific Mortality Among Young Adults. JAMA Netw. Open 2019, 2, e197440. [Google Scholar] [CrossRef] [PubMed]

	



Greenland, P.; Alpert, J.S.; Beller, G.A.; Benjamin, E.J.; Budoff, M.J.; Fayad, Z.A.; Foster, E.; Hlatky, M.A.; Hodgson, J.M.; Kushner, F.G.; et al. 2010 ACCF/AHA Guideline for Assessment of Cardiovascular Risk in Asymptomatic Adults: A Report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines Developed in Collaboration With the American Society of Echocardiography, American Society of Nuclear Cardiology, Society of Atherosclerosis Imaging and Prevention, Society for Cardiovascular Angiography and Interventions, Society of Cardiovascular Computed Tomography, and Society for Cardiovascular Magnetic Resonance. J. Am. Coll. Cardiol. 2010, 56, 2182–2199. [Google Scholar]

	



Blaha, M.J.; Cainzos-Achirica, M.; Dardari, Z.; Blankstein, R.; Shaw, L.J.; Rozanski, A.; Rumberger, J.A.; Dzaye, O.; Michos, E.D.; Berman, D.S.; et al. All-cause and cause-specific mortality in individuals with zero and minimal coronary artery calcium: A long-term, competing risk analysis in the Coronary Artery Calcium Consortium. Atherosclerosis 2019, 294, 72–79. [Google Scholar] [CrossRef] [PubMed]

	



Ferencik, M.; Mayrhofer, T.; Bittner, D.O.; Emami, H.; Puchner, S.B.; Lu, M.T.; Meyersohn, N.M.; Ivanov, A.V.; Adami, E.C.; Patel, M.R.; et al. Use of High-Risk Coronary Atherosclerotic Plaque Detection for Risk Stratification of Patients With Stable Chest Pain: A Secondary Analysis of the PROMISE Randomized Clinical Trial. JAMA Cardiol. 2018, 3, 144–152. [Google Scholar] [CrossRef]

	



Williams, M.C.; Kwiecinski, J.; Doris, M.; McElhinney, P.; D’Souza, M.S.; Cadet, S.; Adamson, P.D.; Moss, A.J.; Alam, S.; Hunter, A.; et al. Low-Attenuation Noncalcified Plaque on Coronary Computed Tomography Angiography Predicts Myocardial Infarction: Results from the Multicenter SCOT-HEART Trial (Scottish Computed Tomography of the HEART). Circulation 2020, 141, 1452–1462. [Google Scholar] [CrossRef]

	



Maurovich-Horvat, P.; Schlett, C.L.; Alkadhi, H.; Nakano, M.; Otsuka, F.; Stolzmann, P.; Scheffel, H.; Ferencik, M.; Kriegel, M.F.; Seifarth, H.; et al. The napkin-ring sign indicates advanced atherosclerotic lesions in coronary CT angiography. JACC Cardiovasc. Imaging 2012, 5, 1243–1252. [Google Scholar] [CrossRef]

	



Nakazato, R.; Otake, H.; Konishi, A.; Iwasaki, M.; Koo, B.K.; Fukuya, H.; Shinke, T.; Hirata, K.-i.; Leipsic, J.; Berman, D.S.; et al. Atherosclerotic plaque characterization by CT angiography for identification of high-risk coronary artery lesions: A comparison to optical coherence tomography. Eur. Heart J. Cardiovasc. Imaging 2015, 16, 373–379. [Google Scholar] [CrossRef]

	



Motoyama, S.; Ito, H.; Sarai, M.; Kondo, T.; Kawai, H.; Nagahara, Y.; Harigaya, H.; Kan, S.; Anno, H.; Takahashi, H.; et al. Plaque Characterization by Coronary Computed Tomography Angiography and the Likelihood of Acute Coronary Events in Mid-Term Follow-Up. J. Am. Coll. Cardiol. 2015, 66, 337–346. [Google Scholar] [CrossRef]

	



Feuchtner, G.; Kerber, J.; Burghard, P.; Dichtl, W.; Friedrich, G.; Bonaros, N.; Plank, F. The high-risk criteria low-attenuation plaque <60 HU and the napkin-ring sign are the most powerful predictors of MACE: A long-term follow-up study. Eur. Heart J. Cardiovasc. Imaging 2017, 18, 772–779. [Google Scholar] [CrossRef] [PubMed]

	



Cho, I.; Chang, H.-J.; Sung, J.M.; Pencina, M.J.; Lin, F.Y.; Dunning, A.M.; Achenbach, S.; Al-Mallah, M.; Berman, D.S.; Budoff, M.J.; et al. CONFIRM Investigators. Coronary computed tomographic angiography and risk of all-cause mortality and nonfatal myocardial infarction in subjects without chest pain syndrome from the CONFIRM Registry (coronary CT angiography evaluation for clinical outcomes: An international multicenter registry). Circulation 2012, 126, 304–313. [Google Scholar]

	



Knuuti, J.; Wijns, W.; Saraste, A.; Capodanno, D.; Barbato, E.; Funck-Brentano, C.; Prescott, E.; Storey, R.F.; Deaton, C.; Cuisset, T.; et al. ESC Scientific Document Group. 2019 ESC Guidelines for the diagnosis and management of chronic coronary syndromes. Eur. Heart J. 2020, 41, 407–477. [Google Scholar] [CrossRef] [PubMed]

	



Jin, K.N.; Chun, E.J.; Lee, C.-H.; Kim, J.A.; Lee, M.S.; Choi, S.I. Subclinical coronary atherosclerosis in young adults: Prevalence, characteristics, predictors with coronary computed tomography angiography. Int J. Cardiovasc. Imaging 2012, 28, 93–100. [Google Scholar] [CrossRef]

	



Agatston, A.S.; Janowitz, W.R.; Hildner, F.J.; Zusmer, N.R.; Viamonte, M.; Detrano, R. Quantification of coronary artery calcium using ultrafast computed tomography. J. Am. Coll. Cardiol. 1990, 15, 827–832. [Google Scholar] [CrossRef]

	



Cury, R.C.; Abbara, S.; Achenbach, S.; Agatston, A.; Berman, D.S.; Budoff, M.J.; Dill, K.E.; Jacobs, J.E.; Maroules, C.D.; Rubin, G.D.; et al. CAD-RADS(TM) Coronary Artery Disease-Reporting and Data System. An expert consensus document of the Society of Cardiovascular Computed Tomography (SCCT), the American College of Radiology (ACR) and the North American Society of Cardiovascular Imaging (NASCI). J. Cardiovasc. Comput. Tomogr. 2016, 10, 269–281. [Google Scholar] [PubMed]

	



Chang, H.-J.; Lin, F.Y.; Lee, S.-E.; Andreini, D.; Bax, J.; Cademartiri, F.; Chinnaiyan, K.; Chow, B.; Conte, E.; Cury, R.C.; et al. Coronary Atherosclerotic Precursors of Acute Coronary Syndromes. J. Am. Coll. Cardiol. 2018, 71, 2511–2522. [Google Scholar] [CrossRef]

	



Ferraro, R.A.; Van Rosendael, A.R.; Lu, Y.; Andreini, D.; Al-Mallah, M.H.; Cademartiri, F.; Chinnaiyan, K.; Chow, B.J.W.; Conte, E.; Cury, R.C.; et al. Non-obstructive high-risk plaques increase the risk of future culprit lesions comparable to obstructive plaques without high-risk features: The ICONIC study. Eur. Hear. J. Cardiovasc. Imaging 2020, 21, 973–980. [Google Scholar] [CrossRef]

	



Mahmood, T.; Shapiro, M.D. Coronary artery calcium testing in low-intermediate risk symptomatic patients with suspected coronary artery disease: An effective gatekeeper to further testing? PLoS ONE 2020, 15, e0240539. [Google Scholar] [CrossRef] [PubMed]

	



Villines, T.C.; Hulten, E.A.; Shaw, L.J.; Goyal, M.; Dunning, A.; Achenbach, S.; Al-Mallah, M.; Berman, D.S.; Budoff, M.J.; Cademartiri, F.; et al. Prevalence and severity of coronary artery disease and adverse events among symptomatic patients with coronary artery calcification scores of zero undergoing coronary computed tomography angiography: Results from the CONFIRM registry. J. Am. Coll. Cardiol. 2011, 58, 2533–2540. [Google Scholar] [CrossRef]

	



Naoum, C.; Berman, D.S.; Ahmadi, A.; Blanke, P.; Gransar, H.; Narula, J.; Shaw, L.J.; Kritharides, L.; Achenbach, S.; Al-Mallah, M.H.; et al. Predictive Value of Age- and Sex-Specific Nomograms of Global Plaque Burden on Coronary Computed Tomography Angiography for Major Cardiac Events. Circ. Cardiovasc. Imaging 2017, 10, e004896. [Google Scholar] [CrossRef]

	



Lee, M.S.; Chun, E.J.; Kim, K.J.; Kim, J.A.; Yoo, J.Y.; Choi, S.I. Asymptomatic subjects with zero coronary calcium score: Coronary CT angiographic features of plaques in event-prone patients. Int. J. Cardiovasc. Imaging 2013, 29, 29–36. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.-T.; Hou, Z.-H.; Lu, B.; An, Y.-Q.; Gao, Y.; Yin, W.-H.; Ren, X.-S. Prevalence of coronary artery disease in symptomatic patients with zero coronary artery calcium score in different age population. Int. J. Cardiovasc. Imaging 2020, 37, 723–729. [Google Scholar] [CrossRef] [PubMed]

	



Han, D.; Hartaigh, B.; Gransar, H.; Lee, J.H.; Rizvi, A.; Baskaran, L.; Schulman-Marcus, J.; Dunning, A.; Achenbach, S.; Al-Mallah, M.H.; et al. Incremental prognostic value of coronary computed tomography angiography over coronary calcium scoring for major adverse cardiac events in elderly asymptomatic individuals. Eur. Hear. J. Cardiovasc. Imaging 2017, 19, 675–683. [Google Scholar]

	



Cho, I.; Chang, H.J.; Ó Hartaigh, B.; Shin, S.; Sung, J.M.; Lin, F.Y.; Achenbach, S.; Heo, R.; Berman, D.S.; Budoff, M.J.; et al. Incremental prognostic utility of coronary CT angiography for asymptomatic patients based upon extent and severity of coronary artery calcium: Results from the COronary CT Angiography EvaluatioN For Clinical Outcomes InteRnational Multicenter (CONFIRM) study. Eur. Heart J. 2015, 36, 501–508. [Google Scholar]

	



Osei, A.D.; Uddin, S.M.I.; Dzaye, O.; Achirica, M.C.; Dardari, Z.A.; Obisesan, O.H.; Kianoush, S.; Mirbolouk, M.; Orimoloye, O.A.; Shaw, L.; et al. Predictors of coronary artery calcium among 20–30-year-olds: The Coronary Artery Calcium Consortium. Atherosclerosis 2020, 301, 65–68. [Google Scholar] [CrossRef] [PubMed]

	



Henzel, J.; Kępka, C.; Kruk, M.; Makarewicz-Wujec, M.; Wardziak, Ł.; Trochimiuk, P.; Dzielińska, Z.; Demkow, M. High-Risk Coronary Plaque Regression after Intensive Lifestyle Intervention in Nonbstructive Coronary Disease: A Randomized Study. JACC Cardiovasc. Imaging 2020, 14, 1192–1202. [Google Scholar] [CrossRef] [PubMed]

	



Faletra, F.F.; Klersy, C.; D’Angeli, I.; Penco, M.; Procaccini, V.; Pasotti, E.; Marcolongo, A.; Pedrazzini, G.B.; De Castro, S.; Scappaticci, M.; et al. Relation between coronary atherosclerotic plaques and traditional risk factors in people with no history of cardiovascular disease undergoing multi-detector computed coronary angiography. Heart 2009, 95, 1265–1272. [Google Scholar] [CrossRef]








[image: Jcdd 08 00157 g001 550] 





Figure 1. (a) A 30 year-old-male with diabetes since 14 years, presenting with ketoacidosis to our ED. Hs-Troponin (49 ng/dL) and HBA1c (11.2%) were elevated. CTA (A) showed a non-calcified lesion (white arrows) in the proximal LAD with positive remodeling (“high-risk- plaque”—HRP) with quantitative 3.15 mm3 lipid-rich necrotic core plaque volume (LAP < 30 HU) (b) based on CTA. CACS was 0. There was no calcific plaque components by CTA (a). Manual contour editing (b) was performed if automated tracing of lesion borders was inaccurate (mid cMPR and right cMPR) (SyngoVIATM Frontier Research, Siemens Healthineers): VRT (left) and MPR (mid and right). (b) cMPR and quantitative plaque analysis. 
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Figure 2. (a) Atherosclerosis based on the coronary artery calcium score (CACS) compared to coronary CTA. Atherosclerosis prevalence increased from 16% to 34.9% in patients older than 35 years based on CTA (p = 0.004) (b). N = percentage (%). 
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Figure 3. Obstructive coronary artery disease (>50% stenosis) based on CTA: Prevalence increased in patients older than 35 years of age (p < 0.001). 
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Figure 4. Vulnerable plaque features (high-risk-plaque—“HRP”) increased continuously with age. 
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Figure 5. (a) High-risk plaque (HRP) in patients without coronary calcium (CACS 0) compared to those with coronary calcium (CACS > 0.1 AU). (b–d). The distribution of high-risk-plaque (HRP) in CACS zero compared to positive CACS > 0.1 AU among different age groups was not different with 63 vs. 36% in patients between 19 and 35 years (b,c). In patients >35 years of age, there was a trend towards an increasing prevalence of HRP in those with positive CACS > 0.1 AU (d,e). 
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Table 1. Study population, coronary artery calcium score (CACS) and coronary CTA results.
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Age (y)

	
42.4 ± 6.3 (19–49)




	
Females

	
346 (30.4%)




	
BMI (kg/m2)

	
26.1 ± 5.02




	
Smoking

	
339 (41.5%)




	
Arterial Hypertension

	
303 (37.2%)




	
Positive Family History

	
357 (44.2%)




	
Dyslipidemia

	
358 (45.1%)




	
Diabetes

	
40 (5.2%)




	
CACS (AU)

	
17.5 ± 80.3

(Range, 0–1203.5)




	
CACS

	

	




	
0

	
70.5%

	




	
>1.0 AU

	
29.5%

	




	
CTA-Stenosis Severity

(CADRADS)

	

	




	
0

	
615 (54.4%)

	




	
1

	
158 (14%)

	




	
2

	
201 (17.8%)

	




	
3

	
71 (6.3%)

	




	
4 + 5

	
82 (7.3%)

	
>50% Stenosis




	
6/N *

	
4 (0.4%)

	
13.6%




	
Atherosclerosis

	

	




	
CACS

	
298 (27.0%)

	
p < 0.0001




	
CTA

	
512 (45.0%)

	
OR: 0.44 (95%CI: 0.37–0.53)




	
CTA-HRP

	
202/1137 (17.7%)

	




	
CACS 0

	
91 (45.1%)

	




	
CACS 0.1–0.9

	
31 (15.3%)

	




	
CACS > 1.0

	
80 (39.6%)

	




	
CACS 0

N = 802




	
CAD by CTA

	

	




	
CADRADS 0

	
200 (24.9%)

	




	
1

	
600 (74.8%)

	




	
2

	
87

	




	
3

	
78

	




	
4 + 5

	
17

	




	
6/N *

	
18

	
>50% Stenosis




	
HRP

	
2 (0.3%)

	
35/802




	

	
92 (11.5%)

	
(4.4%)








Abbreviations. CAD = coronary artery disease. CACS = coronary artery calcium score. HRP = high-risk plaque. CADRADS = coronary artery stenosis severity score [15]. AU = Agatston Score. N = nondiagnostic. CTA = coronary computed tomography angiography. 6/N * = nondiagnostic image quality within 1–5 coronary segments not involving the main/proximal. Ordinal data are shown as N = count (%). Parametric data are displayed as mean ± SD. BMI = body mass index.
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Table 2. Atherosclerosis in 6 age groups: coronary artery calcium score (ACS) and coronary CTA results.
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	19–30 y

Group 1

n = 77
	31–35 y

Group 2

n = 75
	36–40 y

Group 3

n = 173
	41–45 y

Group 4

n = 358
	46–47 y

Group 5

n = 220
	47–48 y

Group 6

n = 234





	CACS
	
	
	
	
	
	



	0
	92.2%
	88.2%
	86.2%
	68.2%
	69.2%
	57.9%



	>=0.1 AU
	5.2%
	10.6%
	13.8%
	31.8%
	30.8%
	42.1%



	Cat 1 0.1–10
	4 (5.2%)
	7 (9.3%)
	17 (9.8%)
	53 (14.8%)
	34 (15.5%)
	37 (15.8%)



	2 10–100
	0 (0%)
	0 (0%)
	3 (1.7%)
	29 (8.1%)
	22 (10%)
	31 (13.2%)



	3 100–300
	0 (0%)
	1 (1.4%)
	3 (1.7%)
	15 (4.2%)
	6 (2.7%)
	21 (9.1%)



	4 >300
	0 (0%)
	0 (0%)
	1 (0.58%)
	3 (8.4%)
	3 (1.4%)
	7 (2.9%)



	CACS (AU)

(range)
	0.03 ± 0.02

(0–1.5)
	1.42 ± 11.8

(0–102)
	11.5 ± 89.1

(0–1101.4)
	15.4 ± 54.1

(0–420)
	18.1 ± 82.0

(0–758.1)
	35.7 ± 11.9

(0–1203.5)



	CAD-RADS
	
	
	
	
	
	



	0
	70 (90.9%)
	63 (84%)
	112 (65.1%)
	181 (50.7%)
	110 (50%)
	80 (34.1%)



	1
	3 (3.9%)
	5 (6.7%)
	20 (11.6%)
	58 (16.2%)
	29 (13.2%)
	42 (17.9%)



	2
	1 (1.3%)
	5 (6.7%)
	18 (10.5%)
	70 (19.6%)
	49 (22.3%)
	61 (26%)



	3
	0%
	1 (1.3%)
	11 (6.4%)
	17 (4.8%)
	14 (6.4%)
	29 (12.4%)



	4 + 5
	1 (1.3%)
	1 (1.3%)
	10 (5.8%)
	31 (8.7%)
	18 (8.3%)
	22 (9.4%)



	6/N
	2 (2.6%)
	63 (84%)
	1 (0.6%)
	181 (50.7%)
	110 (50%)
	80 (34.1%)



	Atherosclerosis-CTA
	6.4%
	16.0%
	34.9%
	46.1%
	49.5%
	65.9%



	HRP
	5 (6.5%)
	6 (8%)
	23 (13.3%)
	61 (17.0%)
	45 (20.5%)
	62 (26.5%)



	CACS 0
	2
	5
	13
	30
	21
	20



	CACS 0.1–0.9 AU
	3
	1
	3
	12
	4
	8



	CACS > 1.0 AU
	0
	0
	7
	19
	20
	34







Abbreviations: CACS = coronary artery calcium score. AU = Agatston Units. HRP = high–risk plaque. CTA = computed tomography angiography. 6/N = partial nondiagnostic image quality (in 1 up to 5 coronary segments, not involving the main/proximal).
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