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Background: Myocardial fibrosis, as quantified by late gadolinium enhancement (LGE) in cardiac magnetic resonance (CMR), provides valuable prognostic information for patients with myocarditis. However, due to the low incidence rate of fulminant myocarditis (FM) and accordingly small sample size, the knowledge about the role of LGE to patients with FM is limited.



Methods and results: A total of 44 adults with viral-FM receiving the Chinese treating regimen were included in this retrospective study. They were divided into the low LGE group and the high LGE group according to the ratio of LGE to left ventricular mass (LGE mass%). CMR exams and LGE were performed after hemodynamic assistance at discharge in all patients with FM. Routine echocardiography parameters and global longitudinal strain (GLS) at discharge and at 2-year follow-up were obtained and then compared. Both left ventricular ejection fraction (LVEF) and GLS showed no significant difference in both groups at discharge, whereas significant differences were observed at 2-year follow-up between two groups. Moreover, there were significant improvements of LVEF and GLS in the low LGE group, but not in the high LGE group during the 2-year period. Furthermore, LGE mass% was negatively correlated with GLS and LVEF.



Conclusions: There were two distinct forms of LGE presentation in patients with FM. Moreover, the cardiac function of patients with low LGE was significantly better than those with high LGE at 2-year follow-up. LGE mass% at discharge provided significant prognosis information about cardiac function of patients with FM.
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1. Introduction

Myocarditis is a condition that causes ventricular systolic dysfunction due to inflammation of the myocardium. It appears to be a major cause of sudden cardiac death in patients under the age of 40 (1). Myocarditis is classified into fulminant myocarditis (FM) or non-fulminant acute myocarditis (NFAM) based on clinical presentations, histological features, echocardiographic index, and hemodynamic stability (2). FM, however, is the most severe type of myocarditis characterized by acute, severe heart failure. Patients with FM are often in cardiogenic shock and require immediate mechanical circulatory support (MCS) (3). Even managed with aggressive pharmacological therapy and mechanical support, the in-hospital mortality rate of FM is considerably high (up to 40%–60%) (4, 5). Our center recently raised the Chinese protocol in treating FM termed as life support-based comprehensive treatment regimen (LSBCTR), which has been proved to reduce mortality rate to <5% (6, 7).

Endomyocardial biopsy (EMB) represents the golden standard for the diagnosis of FM (8). However, it is limited by possible sampling errors and its inherent procedural risk of invasive examination (9–12). Cardiac magnetic resonance (CMR), with the advantages of detecting signals of myocardial damage such as myocardial edema, hyperemia, and fibrosis (13, 14), has been applied in the diagnosis and prognosis evaluation of myocarditis. Among them, late gadolinium enhancement (LGE) can identify areas of fibrotic myocardium that are closely related to ventricular arrhythmias (15). Recently, there has been an increasing interest in the prognostic value of LGE in myocarditis for possible adverse clinical outcomes. Grun et al. showed that LGE was the best independent predictor of all-cause mortality and cardiac mortality in patients with a wide range of clinical symptoms and biopsy-proven viral myocarditis (16). Recently, LGE has been shown to have additive prognostic value in stratifying risk of patients with suspected myocarditis (14). Additionally, Barone-Rochette et al. reported a trend of a worse outcome in patients with suspected myocarditis with higher LGE extent scores (17). Nevertheless, there are limited data (18–20) with relatively small sample sizes focusing on the value of LGE in FM. As a result, the role of LGE in patients with FM remains unknown. Does the pattern of LGE in patients with FM have any relationship with the cardiac function or prognosis of these patients? Therefore, the aim of this study was to assess the pattern of LGE in patients with FM and the correlation between LGE and cardiac function at 2-year follow-up.



2. Method


2.1. Study population

A total of 97 patients with clinically suspected acute myocarditis were admitted to the Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, the largest myocarditis center in China between October 2017 and February 2021. The diagnosis of NFAM was made on the basis of clinical evidence and two or more CMR Lake Louise criteria (myocardial edema, hyperemia, and LGE). Endomyocardial biopsy was performed when CMR results were inconclusive (<1 CMR criterion). For clinically unstable FM patients, however, CMR exams may be delayed and performed after hemodynamic assistance.

Relevant clinical data were retrieved from the patients’ electronic medical records. All patients with NFAM presented acute chest pain, elevated troponin, and a history of viral infection with less than 2 weeks. Exclusion criteria were: (1) prior history of coronary artery disease (CAD), myocardial infarction, or other acute or chronic cardiac diseases; (2) contraindications for CMR or fatal arrhythmias.

Invasive coronary angiography was performed on all patients, except those younger than 35 years of old with low risk of coronary artery disease. Fulminant myocarditis was defined as acute myocarditis patients requiring inotropic drug and/or MCSs (21). The primary analysis of this study focused on viral myocarditis, defined as patients with significant viral infection-like prodromal symptoms, while patients with EMB-proven eosinophilic myocarditis were excluded. The detailed study workflow is shown in Figure 1.
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FIGURE 1
Flow diagram describing the enrolling patients and selection protocol of high LGE group and low LGE group adult patients with FM from the 97 patients with suspected AM were screened initially in the present study and the final study population consisted of 21 FM patients in the low LGE group and 23 FM patients in the high LGE group.


The final population included 44 viral-FM patients who completed the 2-year follow-up. They were divided into high LGE group (n = 23) and low LGE group (n = 23) according to whether the left ventricular mass (LGE mass%) >20. Informed consent was obtained from all patients at the time of the CMR examination.



2.2. Patient management

The LSBCTR was applied to all FM patients enrolled in the study. The vital of this regimen is the early administration of MCS to provide circulatory support. At our center, we prefer to use intra-aortic balloon pump (IABP) as first-line MCS approach (3). In cases where hemodynamic disturbances cannot be corrected after using IABP, venoarterial extracorporeal membrane oxygenation (VA-ECMO) was added in combination with IABP. Once stabilized, all FM patients with systolic dysfunction were treated by evidence-based heart failure therapy.

After the CMR examination, all included patients with FM were followed up by the investigators. All enrolled patients receive routine echocardiography examination during the 2-year follow-up, and patients who had been lost within 2 years and patients with poor echocardiography image quality were excluded.



2.3. Conventional echocardiographic examination and strain analysis

Conventional echocardiography was performed using a single commercially echocardiographic system (Vivid E9; GE Vingmed, Horten, Norway) equipped with a 3.5 MHz transducer.

The echocardiographic records were obtained and analyzed by a professional cardiologist experienced in echocardiographic analysis at the time of admission, before discharge, and 2-year follow-up, respectively.

Left ventricular ejection fraction (LVEF) was calculated by the modified biplane Simpson's method from apical four-chamber and two-chamber views, and averaged for continuous three beats. Other conventional parameters including the left atrial (LA) diameter, left ventricular end-diastolic dimensions (LVEDD), internal diameter and LV diastolic hemodynamic indices were measured based on the American Society of Echocardiography criteria and the European Association of Cardiovascular Imaging (22).

Global longitudinal strain (GLS) was obtained by two-dimensional (2D) speckle tracking echocardiography (STE). The 2D gray scale images of three consecutive cardiac cycles for each of the apical two-chamber, three-chamber, and four-chamber views at end-systole were saved for strain analysis. Data processing was conducted offline by using Echo Pac (version: 113, 2017; GE Vingmed, Horten, Norway). GLS was quantified by automated functional imaging analysis, based on the AHA 17-segment LV model, expressed as the absolute value of the mean. Representative images of “bull’s-eye” of two FM patients with different LGE mass% were showed in Figure 2.


[image: Figure 2]
FIGURE 2
Representative bull's-eye displays of GLSs in a 30-year-old man (A,B) and a 39-year-old man (C,D) with FM, respectively, upon discharge and 2-year follow-up. (A) Significant reduction of PSLSs in basal-, mid-inferior, posterior, and antero-septal segments, with the average GLS being 18.6%; (B) complete normalization of GLS; (C) significant reduction of PSLSs in basal-, mid-, apical-inferior, posterior and antero-septal segments at discharge, with the average GLS being 14.9%; (D) the GLS remained at 14.2%.




2.4. CMR acquisition and analysis

CMR exams were delayed and performed in all FM patients after hemodynamic assistance by a 3T MRI scanner (Magnetom Skyra, Siemens Healthcare, Erlangen, Germany) using an 18-channel body matrix coil. All cardiac MR images were assessed offline by two independent blinded readers with 2 or more than 2 years of experience who were blinded to the clinical and echocardiographic data of the patients, using commercial cardiac software cvi42 (v. 5.3, Circle Cardiovascular Imaging, Calgary, Canada).

LGE imaging was performed by using segmented inversion-recovery gradient-echo sequences at the horizontal long axis, the vertical long axis, and the short axis as previously described (23). The area of visually apparent LGE from the mitral valve to the LV apex were summed to generate total volume of LGE in grams and calculated its percentage to total LV myocardial mass. The manual LGE quantitation method has been shown to be the best to histopathologically reflect total fibrosis burden (24). LGE mass% was defined as the percentage of LGE mass to total LV mass.



2.5. Statistical analysis

Statistical analysis was performed by using software (SPSS 20.0, Chicago, IL, United States). Continuous variables were expressed as mean ± SD or as median and interquartile range (IQR), depending on the normality of distribution. The Shapiro–Wilk test was performed to test the normality of the variables. Continuous variables between groups were analyzed by Student’s t-test or Mann–Whitney U test, depending on the normality of the variables. Categorical variables were evaluated with square test or Fisher exact test. Relationships among multivariables were analyzed by Pearson correlation analysis.

P-value lower than 0.05 was considered statistically significant.




3. Result


3.1. Population Characteristics

Baseline characteristics of the entire population and groups are summarized in Table 1. A total of 44 patients were enrolled in this study (21 patients with low LGE and 23 with high LGE). All patients with FM received an intra-aortic balloon pump, while 10 patients further received VA-ECMO treatment, of which 5 were in the low LGE group. The data of FM patients at admission are shown in Supplementary Table S1.


TABLE 1 Characteristics of the low LGE and high LGE groups at discharge.

[image: Table 1]

Age (P = 0.604) or sex (P = 0.555) did not differ significantly between the two groups. Peak level of high-sensitivity cardiac troponin T (hs-TNT) [50,000.00 (36,101.60–50,000) ng/ml vs. 16,670.50 (6,547.53–42,998.75) ng/ml, P = 0.001] and the level of N-terminal pro–B-type natriuretic peptide (NT-proBNP) at discharge [667.00 (435.50–1,220.50) pg/ml vs. 395.00 (174.25–806.00) pg/ml, P = 0.012] of the high LGE group was significantly higher than those of the low LGE group. There was no significant difference in ECG abnormalities between the two groups, with the exception that patients with ST-segment elevation who were more likely to be present in the high LGE group (13 of 23, 56.5%, vs. 4 of 21, 19%; P = 0.011).



3.2. Cardiac MRI Results

Because of their critical condition, CMR examination was less feasible and often delayed in patients with FM. The comparison of CMR between patients in these two groups at discharge is demonstrated in Table 2. Mean time from admission to CMR showed no difference between the two groups [12 (10.5–16.5) days vs. 14 (10–17) days, P = 0.715]. CMR sequences suggestive of LGE were found in all patients; however, LGE mass% varies among FM patients, which can categorize them into low and high LGE groups (9.46% ± 6.29% vs. 46.48% ± 17.44%, P < 0.001). Table 2 also shows that the values of myocardial native T1 and T2 in the high LGE group were significantly higher than those in the low LGE group (P = 0.002). The CMR images of FM patients with different LGE patterns are shown in Figure 3. There were no significant differences between the low LGE group and the high LGE group of other conventional CMR parameters.


[image: Figure 3]
FIGURE 3
Example of typical cardiac MRI findings in a 42-year-old female FM patient with low LGE and a 21-year-old female FM patient with high LGE. (A) A 42-year-old woman with CMR short-axis and long-axis view with septal LGE (arrows) and global native T1, T2. (B) A 21-year-old woman with CMR short-axis and long-axis view with diffuse and a large amount of LGE in the intermediolateral segments, and global native T1, T2.



TABLE 2 Comparison of CMR between FM patients with low LGE and high LGE.
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3.3. Conventional echocardiographic and strain analysis

Conventional echocardiographic and strain measurements between the low LGE group and the high LGE group at discharge are shown in Table 3. The data of conventional echocardiography between two patterns patients at admission are shown in Supplementary Table S2. There was no significant difference between the two groups at discharge for the LVEDD (4.80 ± 0.47 cm vs. 4.67 ± 0.59 cm, P = 0.426), LVEF [52.00% (56.00%–60.00%) vs. 58.00% (49.00%–61.50%), P = 0.962], and GLS (16.36% ± 3.08% vs. 15.17% ± 3.42%, P = 0.233, Figures 4A,C).
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FIGURE 4
Comparison of LVEF and GLS between low LGE and high LGE at discharge and at 2-year follow-up in FM patients. (A,C) No significant difference for both LVEF [52.00 (56.00–60.00) vs. 58.00 (49.00–61.50), P = 0.962] and GLS (16.36 ± 3.08 vs. 15.17 ± 3.42, P = 0.233) between low LGE and high LGE at discharge. (B,D) However, there was a significant difference for both LVEF (60.62 ± 5.72 vs. 55.74 ± 8.37, P = 0.031) and GLS (19.34 ± 2.07 vs. 17.30 ± 2.47, P = 0.005) between low LGE and high LGE at 2-year follow-up.



TABLE 3 Comparison of echocardiographic parameters between low LGE and high LGE at discharge.
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The results for echocardiographic and strain parameters between the two groups at 2-year follow-up are shown in Table 4. In comparison with high LGE groups, the LVEF (60.62% ± 5.72% vs. 55.74% ± 8.37%, P = 0.031) and the GLS (19.34% ± 2.07% vs. 17.30% ± 2.47%, P = 0.005, Figures 4B,D) at 2-year follow-up were significantly higher in the low LGE group.


TABLE 4 Comparison of echocardiographic parameters between low LGE and high LGE at 2-year follow-up.
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There was no significant improvement of LVEF in the high LGE group at 2-year follow-up compared with that at discharge [58.00% (48.00%–61.00%) vs. 57.00% (50.00%–62.00%), P = 0.393, Figure 5A]. However, the LVEF was significantly elevated at 2-year follow-up in the low LGE group [52.00% (56.00%–60.00%) vs. 61.00% (56.50%–65.00%), P = 0.032, Figure 5A]. In contrast to LVEF, the GLS at 2-year follow-up was significantly higher than those at discharge in both two groups (16.36 ± 3.08 vs. 19.34 ± 2.07 in the low LGE group, P = 0.001 and 15.17 ± 3.42 vs. 17.30 ± 2.47 in the high LGE group, P = 0.019, Figure 5B).
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FIGURE 5
Comparison of LVEF and GLS between at discharge and at 2-year follow-up in the low LGE group and the high LGE group. (A) There was a significant improvement for LVEF in the low LGE group [52.00% (56.00%–60.00%) vs. 61.00% (56.50%–65.00%), P = 0.032] but not for the high LGE group [58.00% (48.00%–61.00%) vs. 57.00% (50.00%–62.00%), P = 0.393]. (B) The GLS at 2-year follow-up was significantly higher than that at discharge for both groups (16.36 ± 3.08 vs. 19.34 ± 2.07, P = 0.001 and 15.17 ± 3.42 vs. 17.30 ± 2.47, P = 0.019).




3.4. Correlation of echocardiographic and CMR parameters of patients with FM

Taking the whole population into consideration, we next analyzed the correlation between echocardiographic indices and CMR parameters. We found that LGE mass% negatively correlated with LVEF and GLS both at discharge and 2-year follow-up. (LVEF at 2-year follow-up: r = −0.437, P = 0.003; GLS at 2-year follow-up: r = −0.439, P = 0.003, Figure 6). However, there were no significant correlations between LGE mass% at discharge and hs-TNT at discharge, as was in LGE mass (g) (Supplementary Figure S1).


[image: Figure 6]
FIGURE 6
Heatmap of correlation between echocardiography parameters and LGE-CMR in fulminant myocarditis. LGE mass% was negative correlation with LVEF and GLS at 2-year follow-up.





4. Discussion

In this study, we assessed the cardiac function of two groups of patients with FM at the 2-year follow-up. The main results of the present study are as follows: (1) two main patterns of LGE were found in patients with FM: low LGE and high LGE; (2) the high LGE group had worse cardiac function at 2-year follow-up than the low LGE group; (3) recovery of cardiac function was not significant in the high LGE group at the 2-year follow-up; and (4) the LGE mass% at discharge was negatively correlated with LVEF and GLS at the 2-year follow-up.


4.1. Two patterns of LGE presence in FM patients

Previous studies of patients with myocarditis revealed that LGE was higher in FM patients than in NFAM patients (25); however, there was a scarcity of data about the LGE patterns in patients with FM. In this study, patients with FM were separated into two groups: low LGE and high LGE, based on whether the LGE mass% at discharge was greater than 20.

It has been histologically proven that LGE represents areas of myocardial fibrosis and irreversible myocardial necrosis (26, 27), which means more inflammation and fibrosis, leading to a worse prognosis. Therefore, we hypothesized that the low LGE group had less myocardial necrosis and less inflammation, whereas the high LGE group had predominant myocardial necrosis and more severe edema. We also tested the level of hs-TNT and NT-proBNP, biomarkers of myocardial injury, and heart failure to reflect the degree of myocardial necrosis. Our result suggested that compared with the low LGE group, the peak hs-TNT and NT-proBNP at discharge was higher in the high LGE group. Moreover, compared with the low LGE group, the high LGE group has increased native T1 values (representing diffuse fibrosis or inflammation) and increased T2 values (suggesting diffuse myocardial inflammation). To a certain extent, this result confirms our assumptions: there are two different patterns of LGE in patients with FM. Myocardial necrosis and diffuse inflammation was more present in the high LGE group, while the low LGE group had less myocardial edema and necrosis.

We speculate that the different patterns of LGE may be associated with different strains of viral infections (28) and pathological typing. For example, Herpesvirus 6 infects not only T cells but also the cardiac conduction system and nervous system, resulting in decreased myocardial contractility and malignant arrhythmias (29). In 2019, Ammirati et al. revealed that (30) patients with histologically proven eosinophilic myocarditis, lymphocytic myocarditis, and giant-cell myocarditis all exhibited poor prognosis. Nevertheless, patients with giant-cell myocarditis had a strikingly higher rate of early death or heart transplantation compared with eosinophilic myocarditis and lymphocytic myocarditis.



4.2. The comparison of cardiac function between high LGE and low LGE

LGE-MRI allows noninvasive assessment of fibrosis and scar, playing an increasingly important role in the depiction of myocardial fibrosis (31–33). In LGE-MRI, imaging is performed 15–20 min after injection of a gadolinium-based contrast agent, which allows the contrast distributing to the extravascular-extracellular spaces and accumulating in regions of fibrosis.

Recent studies have shown that LGE assessed by CMR is an outcome predictor of future adverse cardiac events in patients with myocarditis (14, 16, 34). Grani et al. demonstrated that LGE extent (every 10% increase) was a predictor of higher risk of major adverse cardiac events (14). Additionally, LGE of 20% of LV mass confers almost twofold increase in sudden cardiac death risk in patients with hypertrophic cardiomyopathy (35). So far, several studies have revealed the high specificity of LGE for the detection of myocardial injury in myocarditis (36, 37). However, the data on LGE in patients with fulminant myocarditis remains challenging because of the limited number of patients. Only Li et al. showed that patients with FM had significant differences in LGE patterns compared to NFAM patients (25). Our study found that the high LGE group had worse cardiac function than those with the low LGE group at 2-year follow-up, although there was no significant difference at discharge. Our findings from the present study are in line with the 2014 study by Schumm et al. and support that myocarditis with higher LGE is worse in prognosis (38).



4.3. The comparison of cardiac function between at discharge and at 2-year follow-up

In the present study, our analysis suggests the significant recovery of LVEF and GLS at 2-year follow-up compared with those at discharge in the low LGE group, whereas no difference of LVEF in the high LGE group between at 2-year follow-up and at discharge was observed. However, results from the GLS are different, compared to the value at discharge; the GLS at 2-year follow-up was significantly higher in both groups. Our data indicate that the GLS of FM patients improved regardless of the LGE but only the low LGE group showed an improvement in LVEF, while the changes of LVEF in the high LGE group is not appreciable. That is probably because strain imaging represents a more valuable tool to reveal subtle changes of cardiac function (39) during follow-up than LVEF. It also reflected the better recovery of FM patients in the low LGE group (with less scarring). Aquaro et al. (34) showed that the presence of a myocardial scar is generally associated with increased risk for adverse cardiovascular events, even in patients with ejection fraction (EF) >50%. LGE is widely accepted for detecting myocardial fibrosis and all forms of irreversible myocardial injury, such as myocardial infarction (40), and is correlated to LV remodeling (28). These were in fact consistent with our result that the FM patients with higher LGE extent had poor recovery of cardiac function. Moreover, fibrosis is associated with contractile impairment and provides a structural basis for ventricular reentrant arrhythmia (41, 42). In our study, more patients in the high LGE group [13 of 23 (56.5%)] showed ST-segment elevation during hospitalization than the low LGE group (4 of 21, 19%; P = 0.001) in.



4.4. The correlation between LGE and echocardiography parameters

The meta-analysis by Georgiopoulos et al. (43) found that the risk of experiencing the combined endpoint was doubled in patients with more extensive LGE (i.e., >2 LV segments with LGE or LGE > 10% of LV mass or LGE > 17 g) as compared with those with small or no LGE burden. However, in our study, no death occurred during hospitalization in both two groups. The possible reason may be attributed to the LSBCTR applied in our center, which successfully lowered in-hospital mortalities of FM to <4%. In the present study, LGE mass% at discharge showed a negative correlation with LV function at 2-year follow-up detected by LVEF and GLS. Other previous studies also demonstrated that some parameters could predict outcomes or LV functional recovery after discharge in myocarditis. Rodriguez-Gonzalez et al. revealed that the presence of LVEF <30% at admission was the major predictor of poor outcomes in children with myocarditis (44). However, Ammirati et al. did not suggest the prognostic value of LVEF (30).



4.5. Limitation

First, this was a single-center study with relatively small sample size. Thus, the selection bias was present and the conclusion drawn from the study must be considered in the context of the small study population. Next, we did not perform the EMB in all patients. However, the diagnosis of myocarditis in the study was made by the clinical data as elevated troponin level in combination with typical CMR findings of myocarditis, which were common in the clinical practice of the real world and also in many reports of FM (45). However, due to the absence of EMB data, it was not known whether the results obtained from this study population were different or not for various histological type of FM. Finally, this was an observational study including only FM patients. No data from NFAM were included to make a comparison between FM and NFAM, which may also affect the reliability of the study.

Overall, future study with larger sample size and longer follow-up period is needed.




5. Conclusions

Our data demonstrate the two distinct patterns of LGE presentation in patients with FM. The cardiac function of the high LGE group was significantly worse than those in the low LGE group at 2-year follow-up. Moreover, the recovery of cardiac function in the high LGE group was not significant during the 2-year follow-up. LGE mass% at discharge was negatively correlated with LVEF and GLS at 2-year follow-up.
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