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Objectives: Cardiac magnetic resonance imaging (CMR) can be used for a one-step evaluation of myocardial function and pathological features after acute ST-elevation myocardial infarction (STEMI). We aimed to evaluate the value of fast microvascular occlusion (MVO) identification from contrast-enhanced steady-state free precession (CE-SSFP) combined with myocardial strain in predicting major cardiovascular adverse events (MACEs) in primary percutaneous coronary intervention (pPCI) patients with STEMI.

Methods: In total, 237 patients with STEMI who received pPCI and completed CMR scans within the following week were enrolled, MVO identification and the myocardial strain analysis were performed in CE-SSFP images without an additional method. The primary endpoint was the presence of MACE, which is defined as a composite of death, reinfarction, and congestive heart failure (HF).

Results: After 13 months of follow-up [interquartile range (IQR): 11–24], 30 patients (14%) developed MACE; the MVO (hazard ratio (HR) was 3.10; 95% CI: 1.14–8.99, p = 0.028), and the infarct size (IS) (HR: 1.03; 95% CI: 1.0–1.06, p = 0.042) and global longitudinal strain (GLS) (HR: 1.08; 95% CI: 1.01–1.17, p = 0.029) were finally associated with MACE. Receiver operating characteristic (ROC) analyses show that the area under the curve (AUC) of GLS was large (0.73 [95% CI, 0.63–0.82], p = 0.001), and the best cut-off was −11.8%, with 76.7% sensitivity and 58.9% specificity, which are greater than those of IS (0.70, 95% CI, 0.60–0.81, p < 0.001) and MVO (0.68, 95% CI, 0.58–0.78, p < 0.001). However, combining MVO and GLS resulted in a much greater finding (AUC = 0.775, 95% CI: 0.727–0.824, p < 0.001) and better sensitivity and specificity (83.3%, 66.5%).

Conclusion: Microvascular occlusion identification from contrast-enhanced cine combined with myocardial strain could be a quick and reliable option for patients with STEMI who underwent pPCI; it correlates well with the prognosis of patients with STEMI in terms of MACE.
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INTRODUCTION

Myocardial infarction mortality declines with the growing popularity of primary percutaneous coronary intervention (pPCI) and advanced management. However, the reperfusion process can aggravate the myocardial injury and cardiomyocyte death, a phenomenon called “myocardial reperfusion injury” (1), contributing to microvascular occlusion (MVO). MVO and subsequent intramyocardial hemorrhage (IMH) are strongly associated with mortality and hospitalization for heart failure (HF) (2). Therefore, effective identification of MVO and early risk assessment are recommended to reduce complications post-myocardial infarction (MI), such as new-onset HF.

As a new non-invasive imaging technology in patients with ST-elevation myocardial infarction (STEMI), cardiac magnetic resonance imaging (CMR) can evaluate cardiac function and accurately describe the myocardial injury and infarct pathology (infarct size [IS] and MVO) in one step (3), providing considerable prognostic information over established clinical parameters and traditional left ventricular ejection fraction (LVEF) (4, 5). Cine with balanced steady-state free precession (b-SSFP) is a regular part of each CMR protocol and has the advantages of high speed, superior signal-to-noise ratio, and short breath-holding and can provide sufficient information to assess cardiac function markers more comprehensively, such as the myocardial strain.

Cardiac magnetic resonance imaging feature-tracking (FT) myocardial strain analysis has increasingly been used to detect local and subtle myocardial dysfunction in various cardiovascular diseases, such as myocardial infarction (6, 7). It is a more in-depth assessment of myocardial deformation in three different directions, which correspond to the geometry of myocardial fibers. At present, FT myocardial strain involves retrospective motion tracking of steady-state free precession cine images, has become an advanced measurement of LV performance, a valuable tool to optimize post-infarction risk assessment (8, 9), and a potential supplement to LVEF for assessment in patients with STEMI. This study identified MVO from contrast-enhanced cine (CE-SSFP) while performing the FT strain analysis and attempted to evaluate the predictive value of rapid MVO identification in combination with myocardial strain in adverse events in patients with post-STEMI.



METHODS


Participant Population

Between September 2019 and September 2020, we selected 237 patients who first developed STEMI and received pPCI. All patients had informed consent. The Ethics Committee approved the study of the Affiliated Hospital of Xuzhou Medical University. The criteria for inclusion were as follows: first STEMI meeting the European Society of Cardiology/the American College of Cardiology/the American Heart Association (ESC/ACC/AHA) committee criteria (8), revascularization by pPCI within 24 h of ischemic symptoms, and Killip class <3 during CMR scan. The exclusion criteria were as follows: the previous history of myocardial infarction or coronary artery bypass grafting; severe renal insufficiency; other contraindications to CMR examination (arrhythmia, pacemaker, metal implants, claustrophobia, and known or suggested contrast agent allergy to gadolinium).



Cardiac Magnetic Resonance Imaging

All subjects performed image acquisition on a 3.0-T scanner (Ingenia 3.0 T, Philips, Netherlands) within the first week of pPCI treatment. The patients were supine, and images were obtained under the breath-hold using a digital stream (dS) anterior phased-array surface coil and an integrated dS posterior spine matrix coil. The standardized imaging protocol was implemented according to the current recommendations (9). Modification as a standard imaging protocol, cine images on short axes covering the LV (10–12 slices) were collected after the administration of gadolinium-based contrast agent (0.1 mmol/kg), and delay enhanced images (Late Gadolinium Enhancement; LGE) were obtained after 10–15 min. The parameters were as follows: slice thickness 7 mm; echo time (TE) 1.4 ms; repetition time (TR) 2.8 ms; field of view (FoV) 300 × 300 mm, matrix 280 × 240).

Left ventricular function parameters and myocardial strain were analyzed using CVI (v5.13.5, Circle Vascular Imaging, Canada). The LV endocardial and epicardial borders were automatically traced at end-diastole in three long-axis planes (2, 3, and 4 chambers) and a short-axis plane. To ensure the accuracy, the tracking performance was checked after the automatic strain analysis, and the initial profile was manually adjusted if improper. Two experienced radiologists (with more than 3 years of working experience) independently analyzed all CMR images, and interobserver reproducibility was assessed by performing the same analysis in the randomly generated set of 30 patients (Supplementary Table 1).

Functional parameters were assessed on short-axis views, and papillary muscles were assigned to the LV volume, such as LVEF, end-diastolic volume (EDV), end-systolic volume (ESV), and stroke volume (SV). MVO recognition could be achieved during the visually corrected tracking performance without an additional MRI method to make a more reliable assessment. The area at risk (AAR) in CE-cine SSFP images was a visual hyperintensity area compared with the remote myocardium (10). MVO was defined as middle or subendocardial dark areas within AAR. To eliminate low signal artifacts similar to MVO areas, a “true MVO” was defined as a dark area surrounded by the constantly visible hyperintensity zone and located at the same position within the cardiac wall on each SSFP image during the complete cardiac cycle (11) (Figure 1). IS was expressed as a percentage of LV myocardial mass (LVMM), measured from short-axis LGE images (signal intensity > 5 SD of unenhanced remote myocardium) (12), and included MVO. Myocardial strain parameters were obtained from the long-axis cine and short-axis cine to calculate the peak strain parameters in diastole, such as the global peak longitudinal strain (GLS), global peak circumferential strain (GCS), and global peak radial strain (GRS).


[image: Figure 1]
FIGURE 1. Typical MVO appearance on contrast-enhanced cine (CE-SSFP) imaging at the same slice position during the cardiac cycle (A), and the corresponding LGE images (B). Arrows point to the dark area surrounded by the hyperintensity infarction zone constantly visible and located at the same position within the cardiac wall on each SSFP image during the cardiac cycle.




Follow-Up and Endpoint Definition

All patients were followed up via telephone and interviewed by a cardiologist after discharge. Major cardiovascular adverse events (MACEs) included all-cause death, myocardial reinfarction, and new congestive HF after discharge. New congestive HF was defined as the first episode of cardiac decompensation that required intravenous diuretic therapy with or without hospital readmission (13).



Statistical Analyses

Continuous variables are expressed as the mean ± SD or median and interquartile range (IQR) and categorical variables are expressed as the frequency and percentage. The Mann-Whitney U test and the non-paired t-test test the differences in continuous and categorical variables between the two groups. Cox regression analyses were performed to reveal the predictive factors of MACE. ROC analyses were applied to evaluate the AUC to predict MACE. Youden index was calculated to evaluate the best cut-off value of the dichotomy of continuous MACE predictors. MACE-free survival was estimated and described using the Kaplan-Meier method, and the log-rank test assessed the differences. p < 0.05 was considered statistically significant (SPSS Statistics v26.0).




RESULTS


Study Population

In total, 237 patients with acute STEMI who received pPCI treatment for the first time were evaluated and enrolled in this study; 9 (3.7%) patients failed to complete the scan, and 13 (5.4%) patients had poor image quality. Finally, a follow-up analysis was performed in 215 patients (age 58 [IQR: 48–67] years; 19% female). Detailed baseline characteristics are shown in Table 1


Table 1. Patient characteristics.
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CMR Parameters

Cardiac magnetic resonance imaging scans were performed at a median of 5 [IQR: 4–7] days after PCI, and the standardized imaging protocol time was about 40 [IQR: 34–44] min; however, as a modification, the time of CE-cine was about 27 [IQR: 24–31] min. Table 2 depicts the CMR parameters of all patients. The LVEF was 52 [IQR: 49–57] %, the GLS was −12.0 [IQR: −15.0 to −10.0] %, the GRS was 24 (IQR, 19–30) %, and the GCS was −15 (IQR, −18 to −10) %. The infarct characteristics were IS% 9.3 [IQR: 5.9–15.3] %, and MVO was identified in 109 (51%) patients using CE-cine SSFP imaging and 107 (50%) using LGE imaging.


Table 2. CMR parameters of the study population.
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Clinical Outcome

During a median follow-up time of 13 (QR: 11–24) months, 30 patients (14%) experienced MACE (5 reinfarctions and 25 HF). Compared with patients without MACE, the patients with MACE were older (p = 0.024), and most of the culprit's vessels were lamin-associated domains (LADs; p = 0.047). In addition, the peaks of high-sensitivity cardiac troponin T (hs-cTnT) and N-terminal pro-B-type natriuretic peptide (NT-proBNP) were higher in patients with MACE (p < 0.001).



CMR Measures and MACEs

The patients in the MACE group had lower LVEF (p = 0.002), larger IS (p < 0.001), and higher incidence of MVO (p < 0.001). GLS, GRS, and GCS were obviously related to MACE (p < 0.05). Accordingly, in the subgroup, the GLS and GCS of the MACE group were higher (−10% vs. −13%, p < 0.001) (−13% vs. −15%, p < 0.001), while the GRS was lower (20% vs. 25, p = 0.001).

The univariate and multivariate Cox regression analyses show that (Table 3) the age, culprit vessel, peak hs-cTnT, NT-proBNP, LV EDV index (EDV/BSA), SV index (SV/BSA), LVEF, and all three myocardial strain parameters were predictors of adverse events. However, only GLS, IS, and the presence of MVO were independently associated with MACE in a multivariate Cox analysis model.


Table 3. Predictors of MACE in univariable and multivariable Cox regression analysis.
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From the ROC analysis (Figure 2), GLS showed a large AUC in the prediction of MACE (0.73, 95% CI: 0.63–0.82, p = 0.001), and the best cut-off was −11.8%, which is better than IS (0.70, 95% CI: 0.60–0.81, p < 0.001) and MVO (0.68, 95% CI: 0.58–0.78, p < 0.001); However, combining MVO and GLS yielded the largest AUC for the prediction of MACE (AUC = 0.775, 95% CI: 0.727–0.824, p < 0.001) and better sensitivity and specificity (83.3%, 66.5%; vs. GLS with 76.7% sensitivity and 58.9% specificity, vs. MVO with 83.3% sensitivity and 53% specificity).


[image: Figure 2]
FIGURE 2. Discriminative prognostic power of MVO, IS, GLS and MVO combined with GLS. ROC curves of them for the prediction of MACE. MVO combined with GLS revealed a significantly higher AUC (0.759, 95% CI: 0.663–0.854, P < 0.001) with 83.3% sensitivity and 66.5% specificity. ROC, receiver operating characteristic; AUC, area under the curve; MACE, major adverse cardiac events; GLS, global longitudinal strain; IS, infarct size; MVO, microvascular obstruction.


Patients were further divided into four groups according to the cut-off value of GLS (−11.8%) and the presence of MVO: MVO present and GLS ≥ −11.8% (n = 68); MVO present and GLS < −11.8% (n = 44); MVO absent and GLS ≥ −11.8% (n = 31); and MVO absent and GLS < −11.8% (n = 72). The Kaplan-Meier curves indicate a noticeable difference in cumulative MACE (Figure 3). Patients with impaired strain (GLS ≥ −11.8%) and MVO were prone to events, while the differences among other groups were less pronounced, and the cumulative survival rate free from MACE was GLS < −11.8% in the absence of the MVO group.


[image: Figure 3]
FIGURE 3. CMR parameters and clinical outcome. (A) Displaying the relationship between MVO, Values are Kaplan-Meier estimates in patients with MVO vs. patients without MVO, indicating the time to major adverse cardiovascular events (MACE). (B) Displaying the relationship between GLS, Values are Kaplan-Meier estimates in patients with GLS≥ −11.8% vs. < -11.8%, indicating the time to MACE. (C) Displaying the relationship between MVO and GLS and Event-Free Survival, Values are Kaplan-Meier estimates in patients with GLS≥ −11.8% vs. < -11.8%, grouped by the presence or absence of MVO, indicating the time to MACE. Patients with GLS≥ −11.8% and MVO had the highest event rates. MACE, major adverse cardiac events; GLS, global longitudinal strain; IS, infarct size; MVO, microvascular obstruction.





DISCUSSION

This study used CE-SSFP cine images to quickly identify MVO and performed myocardial strain analyses to comprehensively evaluate the prognosis of acute patients with STEMI revascularized by pPCI. The significant findings were as follows: it is reliable to identify MVO through CE-SSFP and can be an option for patients with limited ability to complete the standard CMR protocol. The combination of MVO identification from contrast-enhanced cine and GLS by FT-CMR correlates well with the prognosis of patients with STEMI in terms of MACE, which would be a valuable predictor of MACE and a valuable tool to stratify risk.

Despite successfully reopening the occluded epicardial coronary artery through primary PCI, MVO inevitably occurred in ~50% of patients with STEMI who received pPCI and CMR scans within the time frame (14, 15). In most cases, it was entirely resolved after 8 months. However, a meta-analysis by Hamirani et al. confirmed the intimate relationships of MVO with worse systolic function, increased ventricular volumes, more prominent IS, higher risk of adverse remodeling, and diffused tissue alterations in the non-infarcted myocardium (3, 14, 16–18). MVO is an independent predictor of MACE (hazard ratio [HR] 3.74, 95% CI: 2.21–6.64, p ≤ 0.001) (19). This result is consistent with the analysis of Suzanne de Waha, where 1,688 patients underwent CMR within 7 days following STEMI (2) with a median follow-up time of 1 year, and the HR for all-cause mortality was 1.09 (95% CI: 1.01–1.17, p = 0.03). MVO is a solid short- and long-term prognostic marker for MACE after STEMI.

Due to its high spatial resolution and tissue composition characteristics, CMR has become the gold standard to quantify myocardial injury non-invasively (20). CMR-related indicators, such as IS (21), AAR (22), the myocardial salvage index (MSI) (23, 24), IMH (25, 26), and MVO (27) are strong predictors of LV remodeling and outcomes in patients with MI. CMR can comprehensively evaluate cardiac function and tissue characteristics in a single examination. Unfortunately, long-term scanning and multiple long breaths holding in patients with MI, especially those who suffer from dyspnoea, are limiting factors in clinical settings (28). It takes at least 40–50 min to complete a comprehensive standard heart procedure (29), and frail patients with recent STEMI may find it difficult.

Given the inefficiency of imaging time and the pursuit of patient comfort and completion, a feasible protocol is required. Cine with b-SSFP is an essential part of each protocol, has the advantages of fast speed, high signal-to-noise ratio, and short breath-hold time; moreover, it provides a detailed analysis of the chamber volumes and cardiac function (mainly EF) with the crucial prognostic value (30). Importantly, cine holds much more detailed information, enabling the assessment of more comprehensive markers of the cardiac function, such as myocardial strain, which may be even more informative for prognostication after STEMI than the standard chamber volumes and EF (6, 31, 32). After contrast medium, shortened exam time and standard b-SSFP imaging can be acquired without loss of accuracy for regional and global ventricular function (33).

Contrast-enhanced-CMR assesses microcirculation in different manners. The first-pass perfusion (FPP) (within the first minute after intravenous injection of the contrast medium) (34), but FPP images have a low signal-to-noise ratio, spatial coverage, and ventricular coverage, which have been criticized as too sensitive because of their changes in most patients with STEMI (35). LGE is the most reliable method to identify and evaluate MVO; nevertheless, the standardized imaging protocol, such as LGE, requires a long time to complete the scan and frequent breath-holding, which was about 40 min in our study, as a modification, the time of CE-cine was about 27 min. Moreover, in the early post-MI phase, the infarct area contains heterogeneous pathology, such as edema, hemorrhage, inflammatory cell infiltration, viable tissue, and dead tissue, and the size of MVO on LGE images is initially larger than repeat evaluations several months later (6). It is challenging to accurately quantify the heterogeneity of small low-signal areas on LGE images, which requires experienced radiologists and much analysis time and is not conducive to widespread clinical application, especially in some non-highly specialized centers. However, MVO can be detected with contrast cine SSFP imaging (11). In our study, MVO was identified in 109 (51%) patients using CE-cine SSFP imaging and 107 (50%) in LGE imaging, comparable to LGE, CE-cine can serve as a backup when LGE imaging is unavailable (10, 11) and can shorten scanning time. Therefore, MVO identification from CE-SSFP can be sufficient for clinical application, and it has a high degree of completion and accuracy, can be an option in patients who are limited in their ability to comply with the demands of a CMR protocol.

Cardiac mechanics are complex and do not enable us to study the spatial organization of myocardial fibers. Strain is the change in length per unit tissue, reflects the myocardial deformation, and is more closely related to cardiomyocyte metabolism and contractility (36), which enables us to study different spatial components of contractile function in the longitudinal strain (LS), circumferential strain (CS), and radial strain (RS) directions (37). The myocardial strain analysis evaluates myocardial deformation throughout the cardiac cycle to determine the global and local LV function (37, 38). FT-derived global longitudinal and CS are predictors of adverse remodeling and poor prognosis in the longer-term post-MI (39–41), especially GLS independent of LVEF and IS. As described by the wavefront phenomenon, the longitudinal myocardial fiber in the subendocardial region appears to be sensitive to ischemia. Irreversible myocardial injury begins under the endocardium and primarily affects the longitudinal contraction, which explains the high sensitivity and prognostic influence of GLS in patients with STEMI. Therefore, GLS is a more comprehensive marker recommended for optimized risk stratification in patients with STEMI. In our study, a GLS of −11.8% was the best cut-off to predict MACE compared to previous analyses (42), combining MVO and GLS indicated a much more significant predictive value (AUC = 0.775, 95% CI: 0.727–0.824, p < 0.001) with 83.3% sensitivity and 66.5% specificity. These potential markers of myocardial function and myocardial pathology after STEMI derived from CE-SSFP can be helpful as early markers of subclinical impairment and adverse prognosis.



STUDY LIMITATIONS

First, as an inherent limitation of cardiac MRI, only stable patients (Killip <3) with first STEMI treated with pPCI were included; hence, our conclusions may not be extrapolated to all patients with STEMI. Second, emerging CMR parameters (including native T1 mapping, extracellular volume, and T2* mapping) were recently recommended for improved risk stratification. We did not perform the measurements because these sequences were unavailable, implemented in subsequent studies. Finally, inconsistencies between commercially available strain assessment software should be considered, where differences between GLS and GCS are acceptable, whereas GRS is not.



CONCLUSION

Comprehensive CMR parameters, such as the myocardial function (mostly myocardial strain) and myocardial pathology (mainly MVO), may constitute the most informative methods for patients with STEMI. MVO identification from CE-SSFP combined with myocardial strain can be a valuable predictor of MACE and a helpful tool for risk stratification; it is a quicker and reliable option for patients with STEMI.
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