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Background and Aim: Pericoronary adipose tissue (PCAT) reflects pericoronary inflammation and is associated with coronary artery disease. We aimed to identify the association between local PCTA thickness using cardiac magnetic resonance (CMR) and prognosis of patients with ST-elevation myocardial infarction (STEMI), and to investigate the incremental prognostic value of PCAT thickness in STEMI after reperfusion.

Methods: A total of 245 patients with STEMI (mean age, 55.61 ± 10.52 years) who underwent CMR imaging within 1 week of percutaneous coronary intervention therapy and 35 matched controls (mean age, 53.89 ± 9.45 years) were enrolled. PCAT thickness indexed to body surface area at five locations, ventricular volume and function, infarct-related parameters, and global strain indices were evaluated using CMR. Associations between PCAT thickness index and 1-year major adverse cardiovascular events (MACE) after STEMI were calculated. The prognostic value of the standard model based on features of clinical and CMR and updated model including PACT thickness index were further assessed.

Results: Patients with MACE had a more significant increase in PCAT thickness index at superior interventricular groove (SIVGi) than patients without MACE. The SIVGi was significantly associated with left ventricular ejection fraction (LVEF), infarct size, and global deformation. SIVGi > 4.98 mm/m2 was an independent predictor of MACE (hazard ratio, 3.2; 95% CI: 1.6–6.38; p < 0.001). The updated model significantly improved the power of prediction and had better discrimination ability than that of the standard model for predicting 1-year MACE (areas under the ROC curve [AUC] = 0.8 [95% CI: 0.74–0.87] vs. AUC = 0.76 [95% CI: 0.68–0.83], p < 0.05; category-free net reclassification index [cfNRI] = 0.38 [95% CI: 0.1–0.53, p = 0.01]; integrated discrimination improvement [IDI] = 0.09 [95% CI: 0.01–0.18, p = 0.02]).

Conclusions: This study demonstrated SIVGi as an independent predictor conferred incremental value over standard model based on clinical and CMR factors in 1-year MACE predictions for STEMI.
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INTRODUCTION

Effective stratification of residual risk during the early postoperative period is particularly important for the short-term prognosis of patients with acute myocardial infarction (MI) (1). Previous studies have shown that decreased cardiac function, morphological changes of the left ventricle, and large myocardial infarct size evaluated using cardiac magnetic resonance (CMR) imaging are common predictors of adverse events after MI (2). CMR strain indicators, which signal decreased myocardial compliance, have become important prognostic and functional markers for early risk stratification and treatment decisions for survivors of MI (3, 4).

Inflammation has long been postulated to play an important role in the atherosclerotic progression and recurrent major adverse cardiovascular events (MACE) (5, 6). Reportedly, the volume and thickness of epicardial adipose tissue (EAT), as a source of inflammatory cytokines, is associated with the severity of coronary artery disease (CAD) (7–9). Recent evidence demonstrates that the CT attenuation of pericoronary adipose tissue (PCAT) – the EAT directly surrounding the coronary arteries – is associated with cardiac mortality (10, 11). It might imply that the local PCAT might have a more direct and efficient impacts on CAD compared with the global EAT. However, there are only a few studies on the relationship between local PCAT and ST-elevation myocardial infarction (STEMI), and no study has been reported on the incremental prognostic value of PCAT thickness after revascularization in patients with STEMI.

Therefore, the purpose of this study was to evaluate the changes in PCAT thickness at different locations after STEMI, to evaluate the association of PCAT thickness indices with the occurrence MACE, and to determine the effective predictors among PCAT thickness indices to investigate the incremental prognostic value of PCAT thickness index in MACE within 1 year after STEMI.



MATERIALS AND METHODS


Study Group

From April 2017 to December 2019, we retrospectively screened 323 patients who had STEMI for the first time and underwent percutaneous coronary intervention (PCI) therapy at Shengjing Hospital of China Medical University. STEMI was defined according to current definitions (12). We excluded patients who did not undergo contrast CMR imaging within 1 week of PCI, had CMR images of poor quality, or had a history of MI or revascularization. A total of 245 patients met the eligibility criteria and were enrolled in the study (Supplementary Figure 1). We also enrolled 35 participants without any known or suspected CAD (based on clinical history) who underwent CMR imaging between December 2019 and July 2020 as control subjects. This study complied with the tenets of the Declaration of Helsinki and was approved by the Shengjing Hospital of China Medical University Research Ethics Committee.



Clinical Assessment and Endpoint

We collected the relevant clinical history data of all patients and controls, including information on baseline clinical characteristics, cardiovascular risk factors, laboratory parameters, current medication, and angiographic information. The follow-up information was obtained from the patients' medical records and from telephone interviews. The endpoint was time to first MACE within the 12-month follow-up period post-revascularization, and included a composite of cardiovascular death, recurrent MI, clinically driven target lesion revascularization, and readmission for heart failure (13). Planned-staged procedures were not counted as MACE.



CMR Imaging and Analysis

All patients were examined using a 3.0-T MR scanner (Ingenia, Philips Healthcare, Best, Netherlands). Anonymized CMR images were analyzed offline using customized software (Circle Cardiovascular Imaging, cvi42®, Calgary, Canada). The images were analyzed by two experienced observers blinded to all patient data. CMR data were prospectively incorporated into the database. The details of the technical aspects of CMR acquisitions, sequences, and quantification have been described previously (14).

Left ventricular ejection fraction (LVEF) (%), left ventricular end-diastolic volume (LVEDV) index (ml/m2), left ventricular end-systolic volume (LVESV) index (ml/m2), left ventricular mass index, right ventricular ejection fraction (%), right ventricular end-diastolic volume index (ml/m2), right ventricular end-systolic volume index (ml/m2), microvascular obstruction (%), edema size (% of left ventricular mass), infarct size (% of left ventricular mass), and myocardial salvage index (% of left ventricular mass with myocardial edema not showing delayed enhancement) were calculated. Tissue tracking-CMR strain analysis was also performed, and the global strain values (global radial strain [GRS], global circumferential strain [GCS], and global longitudinal strain [GLS]) through the entire cardiac cycle were calculated semi-automatically using the software as previously described (14).



Measurement of PCAT Thickness

Pericoronary adipose tissue thickness was measured using the end-diastolic phase CMR cine images (Supplementary Figure 2). PCAT thickness was defined as the distance between the myocardial surface and the pericardium, which is perpendicular to the pericardium through the center of coronary arteries inside the PCAT. All PCAT measurements were indexed to the body surface area of individual patients to get corrected parameters (right atrioventricular groove PCAT thickness index [RAVGi], anterior interventricular groove PCAT thickness index [AIVGi], left atrioventricular groove PCAT thickness index [LAVGi], superior interventricular groove PCAT thickness index [SIVGi], inferior interventricular groove PCAT thickness index [IIVGi]).



Statistical Analysis

Continuous data were tested for normal distribution using the Kolmogorov–Smirnov test. Normally distributed data were expressed as mean ± SD and compared using Student's t-test. Nonparametric data were expressed as medians (interquartile ranges) and compared using the Mann–Whitney U test. Categorical variables were expressed as percentages and compared using the chi-square test or Fisher's exact test where appropriate. The correlations between PCAT thickness indices and CMR imaging parameters were evaluated using Pearson's correlation coefficient and the reproducibility was assessed using Bland–Altman analysis and intra-class correlation coefficients.

The time-dependent receiver operating characteristics (ROC) curve analysis was used to assess the performance of the strain indexes and PCAT thickness indexes for the prediction of adverse cardiac events 1-year post STEMI. The areas under the ROC curve (AUCs) and the corresponding 95% CI were calculated as well. Meanwhile, the optimal cutoff for each index was determined. Kaplan–Meier curves were used to estimate MACE-free survival rates with respect to high and low level of the PCAT index with best discriminative ability. The comparison of survival rates between groups was examined using the log-rank test.

To facilitate the construction of the Cox regression model, continuous variables were categorized into binary variables using optimal cutoffs, median values, or values of clinical significance, as appropriate. Univariate Cox regression model was used to estimate the risk of adverse events, which were expressed as hazard ratios (HR) and 95% CIs. Two multivariable Cox regression models were then conducted. Those were the standard model and updated model. The least absolute shrinkage and selection operator (LASSO) strategy, an efficient in handling high-dimensional data (15), was used to select the most useful predictors except for the PCAT thickness indexes in the standard model. The optimal λ in the LASSO Cox regression model was determined by 10-fold cross-validation using the one standard error of the minimum criteria (1-SE criteria). Thereafter, the PACT thickness index with the best performance will be added in to update the standard model. The performances of the two models were further assessed by AUCs. The incremental prognostic value of the updated model was evaluated using delta AUC. The category-free net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were calculated as well (16). NRI is defined as the difference in the proportions of study subjects with events correctly assigned a higher probability and study subjects without events correctly assigned a low probability by an updated model compared with the standard one (16). IDI refers to the extent to which the updated model can improve the average sensitivity but without reducing average specificity as compared with that of the standard model (17). Finally, a nomogram that enables the visualization of the probability of 1-year MACE was drawn to assist risk stratification.

A two-tailed p < 0.05 was considered statistically significant. All statistical analyses were conducted using R software (version 3.6.3, Vienna, Austria). The following packages were involved: “timeROC,” “survivalROC,” “survival,” “survminer,” “glmnet,” and “survIDINRI.”




RESULTS


Baseline Characteristics

Table 1 shows the baseline clinical and CMR imaging characteristics of the study population categorized as control vs. patients with STEMI and further stratified according to the occurrence of MACE. There were no significant differences between the patients with STEMI and the control subjects with respect to age and sex. Patients with STEMI were significantly more likely to have traditional cardiovascular risk factors than the control subjects. Compared with patients without MACE, patients with MACE-STEMI had higher Troponin I value. However, there was no significant difference between patient with and without MACE in peak high-sensitivity C-reactive protein (hs-CRP) as a marker of systemic inflammation. Patients with STEMI, especially those with MACE, had a larger chamber size, lower LVEF, larger infarct size, and less deformation, as evaluated using GRS, GCS, and GLS, than the controls (Table 1).


Table 1. Baseline characteristics of study population.
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Pericoronary Adipose Tissue Thickness Index and Main CMR Parameters

The PCAT thickness indices of patients with STEMI were significantly greater than those of controls at all locations measured, except IIVGi (Table 1). However, only SIVGi showed significant difference between patients with MACE and patients without MACE (Table 1). We found that only SIVGi was associated with LVEF, infarct size, and the three strain indices in all patients with STEMI (Table 2). We also noted a significant increase in SIVGi in patients with lower LVEF, larger infarction size, and less deformation (LVEF≥50%: 4.63 ± 1.47 mm/m2, LVEF < 50%:5.34 ± 1.63 mm/m2, p = 0.001; infarction size ≤ 13.73%:4.60 ± 1.38 mm/m2, infarction size > 13.73%:5.37 ± 1.69 mm/m2, p < 0.001; GRS ≥ 22.77%:4.67 ± 1.57 mm/m2, GRS < 22.77%:5.30 ± 1.55 mm/m2, p < 0.01; GCS ≤ −14.2%:4.71 ± 1.52 mm/m2, GCS > −14.2%:5.61 ± 1.57 mm/m2, p < 0.001; GLS ≤ −8.6%:4.79 ± 1.61 mm/m2, GLS > −8.6%:5.26 ± 1.53 mm/m2, p = 0.02) (Supplementary Table 1).


Table 2. The bivariate Pearson's correlations between pericoronary adipose tissue (PCAT) thickness index and left ventricular ejection fraction (LVEF), infarct size, left ventricular end-diastolic volume index (LVEDVi), left ventricular end-systolic volume index (LVESVi), and strains in all patients with ST elevation myocardial Infarction (STEMI).
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The PCAT Thickness Index With Best Discriminative Ability

During a 1-year follow-up period, 47 patients (19.18%) with STEMI had their first MACE (Supplementary Table 2, Supplementary Figure 5). For all patients, the time-dependent ROC curve analysis demonstrated that the AUC of 0.73 (95% CI: 0.66–0.80, p < 0.01, cutoff value: 4.98 mm/m2) for SIVGi was the highest among the AUCs of the PCAT thickness indices (Figure 1B). Moreover, the Kaplan–Meier event-free survival curve analysis also showed that SIVGi > 4.98 mm/m2 was associated with poor 1-year MACE-free survival in patients with STEMI (Figure 2). Therefore, SIVGi was significant associated with the time to MACE. To avoid variable overfitting, SIVGi was the only PCAT thickness parameter tested in subsequent multivariable analyses.


[image: Figure 1]
FIGURE 1. The time-dependent receiver operator characteristic (ROC) curves showing the discriminative ability of different strain characteristics (A) and PCAT thickness characteristics (B) for predicting 1-year major adverse cardiac events (MACE). AIVGi, Anterior interventricular groove PCAT thickness index; AUC, Areas under the ROC curve; CI, confidence interval; GCS, Global circumferential strain; GLS, Global longitudinal strain; GRS, Global radial strain; IIVGi, Inferior interventricular groove PCAT thickness index; LAVGi, Left atrioventricular groove PCAT thickness index; MACE, Major adverse cardiac events; PCAT, Pericoronary adipose tissue; RAVGi, Right atrioventricular groove PCAT thickness index; ROC, Receiver operator characteristic curve; SIVGi, Superior interventricular groove PCAT thickness index.
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FIGURE 2. Kaplan–Meier MACE-free survival estimated stratified by SIVGi in all patients with STEMI. Patients with higher SIVGi displayed a significantly higher risk of a first MACE. Central line represented the survival curves and the upper and lower lines of the colored areas correspond to the 95% CI. MACE, Major adverse cardiac events; SIVGi, Superior interventricular groove PCAT thickness index.


Similarly, the discriminative ability of different strain characteristics for predicting 1-year MACE was also identified by the time-dependent ROC curve. It was shown that the AUC for GRS was higher among the three parameters, and there was no significant difference compared with the other two AUCs (Figure 1A).



Univariate and Multivariable Analysis

Univariate Cox regression analysis was performed to estimate the risk predictors of one-year MACE post-STEMI (Supplementary Table 3). It demonstrated that a Troponin I > 31.60 ng/ml, a LVEF < 50%, and an infarct size >13.73% were associated with a two- to three-fold increased risk for adverse events, and that a LVESV index > 35.99% ml/m2, a GRS < 22.77%, a GCS > −14.2%, and a GLS > −8.6% were associated with an approximately four-fold increased risk for adverse events for all the patients with STEMI (Supplementary Table 3). Further, SIVGi > 4.98 mm/m2 was associated with an approximately five-fold increased risk for MACE (Supplementary Table 3).

The standard model in Table 3 showed that LVESV index, GRS, GCS, and GLS were significantly associated with 1.89-, 1.77-, 1.86-, and 2.03-fold elevated risk of adverse events, respectively (Supplementary Figure 3). The addition of SIVGi in the updated model revealed that SIVGi was independently associated with risk of adverse events (HR = 3.2, 95% CI: 1.6–6.38, p < 0.001). Similar results were found when LVESV index, GRS, GCS, GLS, and SIVGi were enrolled into Cox regression model as continuous variables. There was a 1.49-fold higher risk in adverse events per mm/m2 increase in SIVGi (Supplementary Table 4).


Table 3. Comparison of the standard and updated multivariate Cox regression models for predicting 1-year major adverse cardiac events (MACE) post STEMI.

[image: Table 3]



Incremental Discriminatory and Reclassification Performance of SIVGi

As shown in Table 3, the discriminative power of the updated model was stronger than that of the standard model (AUC: 0.8 vs. 0.76). The delta AUC and p-value were 0.046 and 0.047, respectively. The incremental prognostic value of SIVGi was further confirmed by reclassification analysis. As compared with the standard model, the updated model could more accurately assigned 38% of the participants into the MACE group or non-MACE group (category-free NRI [cfNRI] = 0.38, p = 0.01), which was consistent with the non-zero IDI value (IDI = 0.09, p = 0.02). Similar findings were depicted in the sensitivity analysis in which traditional risk factors such as age, sex, smoking, BMI, diabetes mellitus, hypertension, dyslipidemia, eGFR, LVEF, statins, ACEI/ARB, and β blocker were further adjusted (Supplementary Table 5).

A higher AUC was also found in the updated model than the standard model when the SIVGi was treated as a continuous variable in Cox regression models (AUC: 0.82 vs. 0.74; delta AUC = 0.08, p < 0.01) (Supplementary Table 4). As compared with the standard model, the updated model could more accurately assigned 29% of the participants (cfNRI = 0.29, p = 0.03). However, we failed to detect a significant IDI value (IDI = 0.03, p = 0.31).

Based on the updated model, a nomogram that combined all the independent predictors was constructed to predict MACE at 1 year (Supplementary Figure 4). In this nomogram, each variable was given a score, and by summing up the total score of each patient, we could predict the possibility of MACE at 1 year.




DISCUSSION

The main finding of the present study was that the increased PCAT thickness at the SIVG was more significant in patients with MACE after STEMI. The SIVGi was significantly associated with LVEF, infarct size and LV global deformation in STEMI. As an independent predictor for 1-year MACE, SIVGi conferred incremental value in predictions for patients with STEMI.

Pericoronary adipose tissue as an organ is anatomically adjacent and functionally interrelated with the myocardium and coronary arteries. Under physiological conditions, PCAT has anti-inflammatory and protective effects and can be used as an energy reservoir to provide fatty acids to the coronary arteries and myocardium (18–20). However, PCAT contains a high density of lymphoid clusters and as a chemical reservoir, can secrete pro-inflammatory cytokines and directly induce adjacent coronary artery inflammation in pathological states, thereby promoting the progression of atherosclerosis, plaque rupture, and thrombosis, causing acute MI (9, 21, 22). Acute MI can induce the pathological state of EAT. It is well known that as a cardiovascular disease that increases sympathetic activation, MI is characterized by sustained stimulation of β-adrenoceptors (β-ARs) and activation of the renin-angiotensin-aldosterone system. The vascular dysfunction induced by the overstimulation of β-AR associated with endothelial nitric oxide synthase uncoupling can cause PCAT impairment (23). At the same time, the infarcted myocardium directly secretes inflammatory factors and causes hypoxia in the surrounding microenvironment to promote the inflammatory response of the adjacent EAT, which can promote accumulation and thickening of local EAT (24). The findings of the present study are in accordance with the global and local effects of MI on EAT. We found that for patients with STEMI, PCAT thickened in all locations, and local PCTA at SIVG more significantly thickened in patient with MACE. However, in our study, the peak hs-CPR, as a marker of systemic inflammation, was not significantly increase in patient with MACE compared with patients without MACE. It supported that the local PCAT could be a more direct and efficient indicator on MACE after STEMI compared with global changes.

Previous ultrasound studies have explored the relationship between local EAT thickness and the prognosis of patients with MI (25, 26). Morales-Portano et al. used ultrasound to measure the mean EAT thickness at the right ventricle free wall and the interventricular groove, which showed the good predictive ability for MACE in patients with CAD (25). However, in a 3-year follow-up study of 114 patients with STEMI, Esen et al. found that the EAT thickness at the right ventricle free wall was not related to the clinical outcome after PCI (26). Therefore, the prognostic value of local EAT thickness for STEMI remains controversial. In the present study, we found that SIVGi is a stronger predictor of outcome than other PCAT thickness parameters. An SIVGi > 4.98 mm/m2 was associated with a 4.52-fold increased risk for MACE after STEMI, whereas other PCAT thickness indices were associated with about 1- to 2-fold increased risk for MACE. A previous CT study indicated that PCAT around the left anterior descending (LAD) artery and right coronary artery, but not around the left circumflex coronary artery, is an independent predictor of all-cause and cardiac mortality (11), a finding that supports that of the present study. This is also consistent with the result of another recent MR study, which showed that perivascular EAT at the SIVG is an independent predictor of composite MACE in patients with STEMI (odds ratio, 2.26) after adjustment for age, sex, and LVEF (13).

The findings of the present study and those of previous studies indicate that there are some possible reasons for the significant thickening of PCAT at the SIVG and why it is an independent predictor of MACE. First, the interventricular groove, which is shallow and broad, is where the EAT has the closest contact and is most adjacent to the myocardium, especially the EAT at the SIVG, which is most directly affected by paracrine effects produced by the anterior infarcted myocardium. This could be supported by the significant increase in SIVGi in MACE group, as there were more patients with anterior MI (~60%) and larger MI sizes in MACE-STEMI compared with no MACE-STEMI in the present study. Second, given that LAD is the main artery of the left ventricle with the most extensive blood supply range, the redistribution of coronary blood flow is most significant after MI. In addition, the damage to the endothelial cells of the LAD can induce more obvious abnormal accumulation of PCAT around the LAD. The effect of PCAT at the SIVG on blood vessels is also stronger and has greater influence on prognosis (27). Third, according to the characteristics of the anatomical location, the measurement value of PCAT thickness at the SIVG is more accurate, more reproducible, and more sensitive to the pathological state of the PCTA than that of other locations. Compared with other PCAT thickness indices, SIVGi had perfect repeatability and the highest AUC value in the present study, a finding that further supports this view. Therefore, it is not appropriate to analyze the overall change in EAT as doing so may dilute the changes controlled by PCAT at the SIVG, which may reduce the ability of PCAT to assess prognosis. Indeed, we found that the higher SIVGi was significantly assistant with lower LVEF, larger LV infarct area, and less deformation, all of which indicate a poor prognosis in patients with STEMI. The deterioration of these parameters may suggest the pathologic effect of PCAT in patients with STEMI.

The results of the present study showed that compared with standard model, the updated model including SIVGi with a cutoff value of 4.98 mm/m2 had better discrimination and reclassification ability for patients with 1-year MACE after STEMI. The sensitivity analysis in which traditional risk factors were further adjusted also supported this. Interestingly, the most useful predictors (GRS, GCS, GLS, and LVESV) for the standard model are all CMR parameters for myocardial compliance, indicating that myocardial compliance on CMR imaging may have more direct relationship with short-term STEMI prognosis compared with clinical parameters. To our knowledge, this is the first study to show that the simple measurement of PCAT thickness index at the SIVG combined with myocardial compliance indices is a useful marker of MACE after STEMI in the CMR imaging setting. Moreover, PCAT measurement has good reliability and can be completed during routine CMR examination without the need for a special sequence and complex post-processing software. Therefore, the PCAT thickness index is an ideal prognostic indicator.

In this study, the MACE was observed in 19.18% of patients. The similar result is also appeared in recent study from Zhang et al. (28), 1-year follow-up MACE in STEMI patients was 20.4%. However, the incidence of MACE was slightly higher than others. The limited number of cases included in our study and regional differences may be one of the main reasons (29). The wide definition of MACE also increased the incidence, as in this study, patients with heart failure hospitalization were included, accounting for 42%. In addition, more than 75% of patients in this study had dyslipidemia, and 83.27% of patients had pain-to-balloon time more than 120 min, which could lead to a poor prognosis (30, 31).

This study has several limitations. First, the retrospective and observational cohort design of the study makes it challenging to derive causality. Second, PCAT inflammation can be caused by percutaneous endothelium injury during endovascular angioplasty (32). It is difficult to estimate the effect of this procedure on the inflammation of PCAT. However, all the PCAT measurements were taken at different locations; the observed effect of PCAT on MACE could not be explained by the procedure-associated inflammation of PCAT alone. Third, only PCAT thickness was measured in this study. Therefore, the relationship between PCAT thickness and EAT volume needs to be studied further. However, a previous study by Alam et al. showed that the thickness of EAT can reflect myocardial microvascular dysfunction more than the volume of EAT (33). Finally, we used the multivariate analysis method to calculate the 1-year MACE prediction model including PCAT. As the model was obtained from a small sample, its validity needs to be verified further.



CONCLUSION

Patients with MACE have more significant increase in PCAT thickness at SIVG than without MACE after STEMI. PCAT thickness index at the SIVG could possibly be a strong independent predictor of MACE in revascularized patients with STEMI. Compared with standard model based on clinical and CMR parameters, the updated model including SIVGi has significantly improved predictive power for 1-year MACE after STEMI.
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