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Coronary Computed Tomography Angiography Analysis of Calcium Content to Identify Non-culprit Vulnerable Plaques in Patients With Acute Coronary Syndrome
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Background: Aside from the culprit plaque, the presence of vulnerable plaques in patients with acute coronary syndrome (ACS) may be associated with future cardiac events. A link between calcification and plaque rupture has been previously described.

Aim: To assess whether analysis of the calcium component of coronary plaques using CT angiography, coronary computed tomographic angiography (CCTA) can help to detect additional vulnerable plaques in patients with non-ST elevation myocardial infarction (NSTEMI).

Materials And Methods: Cross sectional study of consecutive patients referred for NSTEMI from 30 July to 30 August 2018 with CCTA performed before coronary angiography with systematic optical coherence tomography (OCT) analysis of all coronary arteries within 24 h of clinical onset of NSTEMI. Three types of plaques were defined: culprit plaques defined by angiography (vulnerable culprit plaques–VCP) – plaques with a fibrous cap thickness < 65 microns or thrombus in OCT (vulnerable non-culprit plaque–VNCP) – plaques with a fibrous cap thickness ≥ 65 microns in OCT (stable plaque–SP).

Results: A total of 134 calcified plaques were identified in 29 patients (73% male, 59 ± 14 years) with 29(22%) VCP, 28(21%) VNCP and 77(57%) SP. Using CCTA analysis of the calcium component, factors associated with vulnerable plaques were longer calcification length, larger calcification volume, lower calcium mass, higher Agatston score plaque-specific (ASp), presence of spotty calcifications and an intimal position in the wall. In multivariate analysis, ASp, calcification length and spotty calcifications were independently associated to vulnerable plaques. There was no difference between VCP and VNCP.

Conclusions: CCTA analysis of calcium component of the plaque could help to identify additional vulnerable plaques in NSTEMI patients.
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INTRODUCTION

Acute coronary syndrome (ACS) remains a leading cause of mortality worldwide (1). The rupture of a thin-cap fibroatheroma (TCFA) leads to a coronary occlusion, which can lead to a myocardial infarction. Aside from this culprit plaque, one or several vulnerable plaques are most likely also present (2). Several decades of research on cardiovascular (CV) disease prevention have highlighted the importance of reducing the risk of recurrent ACS in patients with known coronary artery disease (CAD) (3). Recent studies have shown promising new therapy strategies to decrease the rate of recurrent CV events in these patients (4). Today, stratification of this risk can be achieved by a conventional analysis of available CV risk factors and by measuring high-sensitivity C-reactive protein levels (5). However, identifying the presence of other vulnerable plaques at an individual level remains challenging. Detailed analysis of plaque composition can be performed using intracoronary optical coherence tomography (OCT) with a very high resolution (10 μm). It has already been shown that vulnerable non-culprit plaques (VNCP) can be detected by OCT along with culprit plaques in patients with ACS (6). However, OCT is invasive and not widely available enough in clinical settings to be suitable for screening.

The coronary artery calcification score (CAC) is a well-known marker of the extent of atherosclerosis and is strongly associated with a high risk of adverse outcomes (7). However, the relationship between CAC and plaque vulnerability is complex. Some authors have claimed that the presence of calcification is associated with an increased likelihood of rupture (8), whereas others believe that the location and extent of calcification may, in fact, confer stability (9). Interestingly, it was reported that spotty calcifications (<3 mm diameter) are associated with a greater risk of ACS, suggesting again a role of CAC in plaque vulnerability (10)

Today, the overall CAC load of a patient can be assessed using calcium scoring on a non-injected computed tomography (CT) scan, as described by Agatston (11). A high Agatston score was strongly correlated with the risk of future CV events (12). We hypothesized that an analysis of the calcium content at the plaque level may be of interest to identify features that correlate with the presence of vulnerable plaques.

The aim of this study was to explore whether a detailed analysis of the calcium content of coronary calcified plaques using coronary computed tomographic angiography (CCTA) can help to predict the presence of other vulnerable plaques characterized by OCT in patients with ACS.



MATERIALS AND METHODS


Study Population

From 30 July to 30 August 2018, we conducted a single-center cross-sectional study in patients with non-ST segment elevation myocardial infarction (NSTEMI) and an abnormal level of high-sensitivity cardiac troponin I (>50 ng/ml) (13). CCTA was performed to assess the presence of CAD. A coronary angiography was performed within the next 24 h only if a significant lesion (>50% stenosis) was detected by CCTA. An additional intracoronary OCT was systematically associated to check plaque erosion and other vulnerable plaques. Exclusion criteria were: (1) ST-segment elevation or a dynamic ECG change of repolarization; (2) recurrent chest pain; (3) hemodynamic instability with systolic blood pressure < 80 mmHg; (4) a history of bypass or coronary angioplasty; (5) renal failure with a glomerular filtration rate < 30 ml/min; (6) ventricular or supraventricular arrhythmia with a heart rate > 80 bpm; (7) a known allergy to the iodine contrast medium. All patients gave informed written consent, and the study was approved by the Ethics Committee of our institution.



Coronary Computed Tomographic Angiography Data Acquisition and Analysis

CCTA was performed using an Aquilion Prime CT scanner (Toshiba Medical Systems, Otawara, Japan). The image acquisition protocol is detailed in Supplementary 1. Two experienced readers (JPL and TP) independently evaluated the reconstructed images while blinded to the clinical history and any prior findings.

Coronary calcification was defined as any extraluminal density >130 Hounsfield units (HU) over at least 4 adjacent contiguous sections of non-injected sites that could be assigned to the coronary arterial wall. The position and length of the plaques were defined manually by the radiologist along the arterial centerline. In line with prior studies (14), the intimal position of the calcification was defined by the presence of a calcification completely adjacent to the coronary lumen with no low-density area between the calcification and the lumen. Each plaque was analyzed using dedicated software (Vitrea® 2.1, Vital Images Inc., Minnetonka, MN, United States) to identify risk factors of vulnerable plaque according to SCCT guidelines (15, 16). Details of the methods for using this dedicated software are described in Supplementary 2. The contours of the plaque were edited by two experienced radiologists when necessary. The radiologist selected the start and end of a plaque, and the following parameters were obtained automatically: the plaque and calcification lengths, the plaque and calcification volumes, the minimum and maximum calcification diameters, the area of stenosis, the Agatston score (plaque specific; ASp) for each plaque, the sphericity index (SI) of calcification in the axial section, the plaque burden, and the remodeling index (RI). ASp corresponds to the Agatston calcium score measured for each plaque, using a semi-automated tool to calculate the CAC score based on the extent of coronary artery calcification as previously described (11). Of note, each calcified plaque was defined by a structure with a CT number from – 50 to 750 HU adjacent to the lumen including a joined set of at least 4 adjacent contiguous sections with density > 130 Hounsfield units (HU). The contours of each plaque were edited by two experienced radiologists. Plaques with spotty calcifications were defined as follows: length (extent in the longitudinal direction of the vessel) of the calcification < 3/2 of vessel diameter and width (extent of the calcification perpendicular to the longitudinal direction of the vessel) of the calcification < 2/3 of vessel diameter, as previously described (17). The reproducibility data of the calcification measurements was evaluated with good to excellent intra- and inter-reader reproducibility (intraclass correlation ranging from 0.77 to 0.97; all p < 0.001). Details regarding the data analysis protocol and radiation exposure are provided in Supplementary 1 and 3, respectively.



Angio and Optical Coherence Tomography Image Acquisition and Analysis

Angio, with the aid of electrocardiogram or echo data if needed, was used to define culprit plaque (vulnerable culprit plaque: VCP). Intracoronary OCT (Ilumien Optis OCT, St. Jude Medical, St. Paul, MN, United States) was performed before the percutaneous coronary intervention (PCI). All coronary arteries were systematically analyzed with OCT. The OCT image analysis was performed by two experienced cardiologists (GS and JGD), blinded to clinical and CCTA data, using previously established criteria for OCT plaque characterization (18). The segmentation between vulnerable and stable plaques was carried out on the TCFA and/or the thrombus. The hempen cap thickness (FCT) was measured 3 times at its thinnest part, and the average value was calculated. A VNCP was defined as a lipid-rich plaque with a cap thickness < 65 μm or the presence of thrombus. Stable plaque (SP) was defined as a cap thickness ≥ 65 μm without any thrombus (Figure 1). A detailed protocol of OCT image acquisition and analysis can be found in Supplementary 4.
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FIGURE 1. Example of three different coronary calcified plaques studied by coronary computed tomographic angiography (CCTA) with matching optical coherence tomography (OCT) and “virtual histology” CCTA in the same patient. (A) stable plaque (SP): adventitious calcification (white arrow) with a thick fibrous screed ≥ 65 microns (*) at the mean LAD level. (B) vulnerable culprit plaque (VCP) with plaque rupture: large intimal quasi-circumferential calcification with a calcification arc at 240° (white arrows) with rupture of white thrombotic plaque (*) at the level of the proximal circumflex artery. (C) VCP with plaque erosion: large intimal calcification bulging toward the light (white arrows) with disappearance of the intima opposite (*) at the level of the proximal right coronary artery. (D) vulnerable non-culprit plaque (VNCP): intimal calcification (white arrows) with a fine fibrous screed < 65 microns (*) at the distal left anterior descending artery. Abbreviations: Ca, Calcification; CCTA, coronary computed tomographic angiography; L, Lumen; OCT, optical coherence tomography; SP, stable plaque; VNCP, vulnerable non-culprit plaque; VCP, vulnerable culprit plaque.




Statistical Analysis

Continuous variables are presented as mean ± standard deviation (SD) and categories as percentages ± SD. Comparisons of the plaque characteristics were performed using the Mann–Whitney test or Fisher’s exact test. Intraclass correlation coefficients were calculated to assess intra-observer and inter-observer agreement for the lipid arcs, and kappa statistics were used to assess the agreement of the plaque characterizations.

Based on a linear regression model, the vulnerability of the plaque was established. OCT indices for plaque vulnerability were assessed, such as the presence of TCFA, plaque rupture, macrophage accumulations, a microchannel, intracoronary thrombus, and FCT. A multivariable analysis was performed to identify covariates obtained from CCTA that was significantly associated with vulnerable plaque, defined by OCT. This multivariable stepwise logistic regression analysis including the following covariables: age, male gender, diabetes mellitus, chronic kidney disease, ASp, calcium length, and the presence of spotty calcifications. The model fit was assessed using C-index and area under the receiver operating characteristic (ROC) curves. All the statistical tests were two-sided, and p-values < 0.05 were considered statistically significant. The statistical analysis was performed using GraphPad Prism, v7 (GraphPad Software Inc., San Diego, CA, United States) and Stata SE v12.1 (Statacorp, Texas, United States).




RESULTS


Study Population and Characterization of Plaques

The flowchart of study participants is given in Figure 2, resulting in a total of 134 calcified plaques analyzed. The clinical characteristics and the laboratory data of the subjects are summarized in Table 1. Of the 134 coronary calcified plaques identified by CCTA, there were 29 (22%) VCP. After the OCT analysis, we found 28 (21%) VNCP and 77 (57%) SP.
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FIGURE 2. Study flowchart. Abbreviations: ACS, acute coronary syndrome; CAD, coronary artery disease; CCTA, coronary computed tomographic angiography; FCT, fibrous cap thickness; NSTEMI, non–ST-segment elevation myocardial infarction; OCT, optical coherence tomography.



TABLE 1. Baseline characteristics of the patients.
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The characteristics of the coronary plaques in OCT are summarized in Table 2.


TABLE 2. Comparison of calcified plaques depending on the vulnerability profile by optical coherence tomography (OCT).
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Coronary Computed Tomographic Angiography Characteristics of Calcified Plaques

The calcified plaque variables examined by CCTA to distinguish VNCP, VCP, and SP are shown in Table 3. The data are provided separately for the entire plaque and for the calcium content of the plaque. There was no significant difference between VNCP and VCP except for the maximum diameter of calcification (p = 0.01) while there were many significant differences between VNCP and SP. Indeed, the VNCPs were significantly longer (p < 0.001), with a larger total volume (p < 0.001), higher plaque burdens (p < 0.001), a finer degree of stenosis (p < 0.001), and a greater percentage of low-density plaque content (< 30 or < 50 HU) compared to SP (p < 0.001).


TABLE 3. Univariate analysis of the comparison of calcified plaques depending on the vulnerability profile by CCTA (N = 134).

[image: Table 3]
When focusing on the calcium content of the plaques, compared to SP, VNCP had longer calcification lengths (p < 0.001), a larger volume of calcification (p < 0.001), a lower mass of calcium (p = 0.003), a higher ASp (p < 0.001), a lower SI (p = 0.001), more spotty calcifications (p = 0.001), and a more intimal position on the coronary vessel wall, defined by a shorter distance between the innermost part of the calcification and the lumen (p < 0.001; Figure 3).


[image: image]

FIGURE 3. Dot-plots comparing CCTA characteristics of VNCP, VCP, and SP. Comparisons of the Agatston score per calcified plaque (A), the calcification volume in mm3 (B), the calcification masses in mg (C), the calcification length in a longitudinal section in mm (D), the calcification position on the wall measured by the distance in mm between the most intimal part of calcification and the vessel lumen (E), the sphericity index defined as the ratio between the minimum diameter and the maximum diameter in an axial section (F), and the presence of spotty calcification (percentage; G). Quantitative variables are expressed as mean ± SEM. Abbreviations: CCTA, coronary computed tomographic angiography; SEM, standard error of the mean; SP, stable plaque; VNCP, vulnerable non-culprit plaque; VCP, vulnerable culprit plaque.




Estimation of the Risk of Plaque Vulnerability Based on Multivariate Analysis

In the multivariate model (including gender and age) to identify vulnerable plaques, ASp, calcium length, and the presence of spotty calcifications were significantly associated with the presence of vulnerable plaques. The area under the ROC curve for the identification of vulnerable plaque was 0.91 (Hosmer–Lemeshow goodness of fit p = 0.76) for the model containing ASp, calcium length, and the presence of spotty calcifications (Figure 4). There was no evidence of multicollinearity (the overall variance inflation factor of the model was 2.78).
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FIGURE 4. ROC curve analysis for the detection of vulnerable plaques by the Agatston score plaque-specific, calcium length, and the presence of spotty calcifications. The receiver-operating characteristics (ROC) curve, area under the ROC curve, and Hosmer-Lemeshow goodness-of-fit tests for our model to predict the plaque vulnerability defined by OCT. Our model takes into account the Agatston score plaque-specific (ASp), the calcium length, and the presence of spotty calcifications, in addition to age and gender (AUC = 0.91). Abbreviations: AUC, area under the curve; ASp, Agatston score per calcified plaque; NPV, negative predictive value; PPV, positive predictive value; ROC, receiver operating characteristics.





DISCUSSION

In the present study, we showed that an analysis of the calcium content of a plaque using CCTA can help to identify VNCP other than VCP. Our results show that vulnerable plaques had a higher ASp, a longer calcification length, and multiple spotty calcifications compared to the SPs in the multivariate analysis. Moreover, we studied a model based on these three parameters, which shows an excellent predictive value for the detection of VCP (Figure 5).
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FIGURE 5. Physical and geometric model of the calcium component of vulnerable plaques. (A) Calcified stable plaque had a smaller total calcium volume, a lower density (HU), a lower Agatston score of the plaque (ASp; longitudinal section – to the left); a more eccentric position and a higher sphericity index (axial section – to the right). (B) Calcified vulnerable plaque had a larger total calcium volume, a higher density (HU), a higher ASp and multiple spotty calcifications (longitudinal section – to the left); a more intimal position leading to mechanical stress and with a smaller sphericity index, corresponding to more oval calcifications (axial section – to the right). Abbreviations: Asp, Agatston score per calcified plaque; HU, Hounsfield unit.



Prognostic Value of Coronary Computed Tomographic Angiography

This potential prognostic value of CCTA to predict the risk of ACS with vulnerable plaque and, therefore, the recurrence of ACS, has been described in several studies. Low attenuation plaque (< 30 HU), the napkin-ring sign, and positive remodeling on CCTA were associated with the development of ACS during medium-term (a mean of 3.9 years) follow-up (19). Previous studies also found that low attenuation plaque, positive remodeling, and a napkin-ring sign using CCTA were associated with a TCFA with OCT in a per-lesion-level analysis (20). Indeed, Montone et al. have recently described the importance of intracoronary imaging for the management of non-culprit lesion in ACS to identify vulnerable plaques that may portend a higher risk of future cardiovascular events (21).

A recent study comprising 3,646 patients with known CAD and a median follow-up of 5 years revealed the prognostic value of CCTA, which is associated with higher rates of all-cause mortality and major adverse CV events at 5 years (22). Our results regarding the analysis of calcified plaques confirm these results for low attenuation plaque and positive remodeling, and they show that the volume and burden of the plaque were associated with plaque vulnerability.



Calcification and Plaque Vulnerability

Several studies using cardiac CT have reported that the total CAC score is associated with a high risk of adverse CV outcomes (12). Interestingly, the risk of CAD and long-term cardiovascular events is extremely low with a CAC score of zero. All these findings show that coronary calcification plays an important role in the risk stratification of CAD (23). However, it is still unclear how calcification affects the stability of plaques as some authors have claimed that the presence of calcification is associated with an increased likelihood of rupture (8, 24), whereas others believe that the location and extent of calcification may, in fact, confer stability (9). It has been suggested that calcification within the lipid core, away from the hempen cap (as opposed to within or in close proximity to the cap), may stabilize the plaque (9).

In a recent review, Henein M et al. described that coronary calcification develops as an immune response to endothelial injury, such as shear stress or oxidative stress in diabetics, and is consequently part of the body’s natural defenses (25). Although it is a systemic condition, no medical treatment for cardiovascular disease has yet found a way to regress these calcifications; on the contrary, lipid-lowering agents may worsen its progression (25). Indeed, several studies show an increase in coronary calcifications in patients treated with statins (20, 21).

While extensive plaque calcification is often a feature of advanced and stable atherosclerosis, which rarely leads to rupture, several studies report that microcalcifications are strongly correlated with plaque vulnerability and the risk of incident ACS in the medium and long term. Indeed, microcalcifications develop in the early stages of coronary intimal calcification and contribute directly to plaque rupture by producing local mechanical stress on the plaque surface (26). Microcalcification is known to occur in TCFA, which is not visible using current in vivo imaging methods. Indeed, inflammation has a key role in atherosclerotic plaque formation and rupture. Intense macrophage inflammatory activity results in microcalcifications which are strongly associated with plaque vulnerability (27). The pioneering work of Vengrenyuk (28) attributed cap rupture to microcalcification within the cap (29). It is believed that microcalcifications act as local tissue stress concentrators within the fibrous cap, thereby predisposing it to rupture (30). Although some ruptures are associated with cap microcalcification, this is not a consistent finding with plaque ruptures (31). Therefore, this potential role of calcification in the vulnerability of plaques was described with calcification nodules that may extend into the lumen or the media and can be associated with fibrin deposition. These protuberant calcifications can lead to the discontinuity of the endothelial lining and underlying collagen matrix as well as acute luminal thrombosis. Calcified nodules are the underlying mechanism of ACS in 2–7% of coronary artery thromboses (32).

A recent clinical CT study that examined the predictive value of both calcium density (standard CAC Agatston score) and plaque calcium density showed that although the CAC score was positively and independently associated with CV disease risk, at any level of CAC volume, CAC density was inversely and significantly associated with CV disease risk (12, 33), as we found in our study. In addition, a recent study showed that a CAC score of zero at baseline in an asymptomatic population with no known CV disease was associated with low CAC progression over the 5-year period. This study also described that the use of the CAC score improved CV risk stratification and reclassification in this primary prevention population (34). All these studies have led the Society of Cardiovascular Computed Tomography (SCCT) guidelines committee has produced new guidelines to guide the use of CCTA in the risk assessment of CAD in occupational health evaluation (16).

Interestingly, we showed the relevance of a model using ASp, calcium length, and the presence of spotty calcifications to detect vulnerable plaque. These results are consistent with a study that showed that the ASp in the ACS group was higher than in the asymptomatic group and similar to the stable angina pectoris group. Moreover, the calcified plaques in the ACS group exhibited lower and more homogenous attenuation than those of the asymptomatic or stable angina pectoris group (33).



The Mechanical Role of Calcification in Vulnerability

Our study demonstrates that, apart from analyzing spotty calcifications, an analysis of the calcium content of plaques using CCTA can help with the detection of vulnerable plaques. Indeed, a relatively large intraplaque calcification volume but a low calcium density may correspond at least to a less structurally stable calcification. This may explain the role of calcification in the destabilization of a coronary plaque with unstable calcification. Moreover, a more intimal position near the lumen is an additional element that suggests a possible mechanical role of calcification in the vulnerability of a plaque by mechanical shear stress on the fibrous cap. These results favor a physical and geometric model of the role of the calcium content of plaque as a vulnerability factor (Figure 5).



Study Limitations

The study has some limitations. First, this cross-sectional single-center study only assessed a limited number of patients because a systematic OCT analysis of the entire coronary bed was performed. However, 134 plaques were fully analyzed simultaneously by CCTA and OCT. Second, since the population of this study only included patients referred for NSTEMI, the results of this study can only be applied to NSTEMI patients. Third, we applied semiautomatic methods to perform the plaque quantification using CCTA because contour drawing or manual confirmation in a semiautomatic analysis by an expert reader is more accurate than a fully automatic method (35). Even though there have been several studies regarding plaque quantification using CCTA, there is still a need for further refinements in terms of the reproducibility, accuracy, and standardization of the analysis (36). Fourth, although OCT is an innovative intravascular imaging method with a high spatial resolution (10–15μm) (37), it may not be the perfect reference standard for detecting vulnerable plaques. However, even if histology is usually considered as the gold standard for defining plaque vulnerability, OCT is clearly of considerable value as many studies have shown its prognostic value to predict clinical events (6, 38). Furthermore, we only studied patients at the time of their first ACS, without known prior CAD, to avoid any confounding factors related to differences in medical or interventional treatments prior to the ACS. Fifth, this study did not compare hypodense plaques with calcified plaques in CCTA, as has been done previously (39). Indeed, we decided to focus solely on the analysis of calcified plaques because recent studies suggest a crucial role of calcification in plaque vulnerability. Finally, our study used a surrogate parameter, which is vulnerable plaques defined by OCT. This quantitative parameter has the advantage of being robust and reproducible, with many studies showing its association with the risk of CV events, including the recurrence of ACS in patients with known CAD (6).




CONCLUSION

Our study of NSTEMI patients shows that an analysis of the calcium content of plaques using CCTA could help to detect VNCP. In the CCTA analysis, vulnerable plaques had a higher ASp, a longer calcification length, and multiple spotty calcifications compared to SPs, with a high predictive value.
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