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Comparison of left ventricular deformation abnormalities by echocardiography with cardiac magnetic resonance imaging in patients with acute myocarditis and preserved left ventricular ejection fraction
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Purpose: Cardiac magnetic resonance imaging (cMRI) represents the gold standard to detect myocarditis. Left ventricular (LV) deformation imaging provides additional diagnostic options presumably exceeding conventional transthoracic echocardiography (TTE). The present study aimed to analyze the feasibility to detect myocarditis in patients (pts) with preserved LV ejection fraction (LVEF) by TTE compared to cMRI. It has been hypothesized that the number of pathological findings by deformation imaging correspond to findings in cMRI.



Methods and results: Between January 2018 and February 2020 102 pts with acute myocarditis according to the modified Lake Louise criteria and early gadolinium enhancement (EGE) by cMRI were identified at the department of cardiology at the University Hospital Leipzig. Twenty-six pts were included in this retrospective comparative study based on specific selection criteria. Twelve pts with normal cMRI served as a control group. LV deformation was analyzed by global and regional longitudinal strain (GLS, rLS), global and regional circumferential and radial strain (GCS, rCS, GRS, rRS), and LV rotation (including layer strain analysis). All parameters were compared to findings of edema, inflammation, and fibrosis by cMRI according to Lake Louise criteria. All pts with acute myocarditis diagnosed by cMRI showed pathological findings in TTE. Especially rCS and LV rotation analyzed by regional layer strain exhibit a high concordance with pathological findings in cMRI. In controls no LV deformation abnormalities were documented. Mean values of GLS, GRS, and GCS were not significantly different between pts with acute myocarditis and controls.



Conclusion: This retrospective analysis documents the feasibility of detecting regional deformation abnormalities by echocardiography in patients with acute myocarditis confirmed by cMRI. The detection of pathological findings due to myocarditis requires the determination of regional deformation parameters, particularly rCS and LV rotation. The assessment of global strain values does not appear to be of critical value.
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Introduction

Acute myocarditis may manifest clinically in several ways (1). Symptoms range from asymptomatic patients (pts) to those with mild chest pain and palpitations to manifestation of cardiogenic shock with severely reduced left ventricular (LV) ejection fraction (LVEF) and malignant arrhythmia (2, 3). Acute myocarditis with reduced LVEF can be easily detected by transthoracic echocardiography (TTE) and confirmed by cardiac magnetic resonance imaging (cMRI) representing the gold standard (4, 5). In cMRI non-ischemic myocardial inflammation is characterized by the modified Lake Louise criteria [main criteria: myocardial edema and non-ischemic myocardial injury by T1-mapping, extracellular volume, and late gadolinium enhancement (LGE)] and early gadolinium enhancement (EGE) (4, 5). Evidence of myocarditis in pts with preserved LVEF remains challenging (6, 7). Thus, speckle tracking echocardiography (STE) analyzing LV deformation might be suitable to detect myocardial involvement of oligosymptomatic myocarditis exposing subclinical impairment of LV function (8–14). Following the acute stage of myocarditis, pts are at ongoing risk of fatal arrhythmic events, dilated cardiomyopathy, and death compared to the general population (1, 3, 15). Due to the increased mortality risk—even after mild courses of acute myocarditis—residual structural changes representing arrhythmogenic substrates, may be detected by regional deformation abnormalities with the aid of STE (8, 10, 11, 16). The aim of the present study was to investigate the feasibility of STE to detect abnormalities of LV deformation components in pts with acute myocarditis with preserved LVEF confirmed by cMRI.



Methods


Study population

In this retrospective study, 102 pts with acute myocarditis based on the modified Lake Louise criteria using cMRI were considered between January 2018 and February 2020 at the University Hospital Leipzig. Coronary artery disease was excluded by coronary angiography in all pts. Exclusion criteria of the present study are illustrated in Figure 1. Thus, the comparison between tissue characterization by cMRI and abnormalities of LV deformation components detected by STE has been performed in a highly selected cohort. As the diagnosis of myocarditis on MRI is currently based on the Lake Louise criteria and T1 and T2 mapping analyses, and not on functional impairment of LV deformation, this study compared tissue changes as determined by tissue characterization on CMR with regional functional changes of the different components of LV deformation by echocardiography.


[image: Figure 1]
FIGURE 1
Flowchart of patient selection for analysis of pts with acute myocarditis with preserved LVEF and sinus rhythm.


A control group consisted of pts with complete echocardiographic and CMR data available at the same period as the myocarditis pts without showing any clinical, laboratory or imaging evidence of myocarditis. They were formed by a group of pts who had undergone a diagnosis of exclusion of myocardial ischemia, which may explain the increased number of women. The retrospective study was conducted in accordance with the Declaration of Helsinki and was approved by the ethical committee of the University of Leipzig (359/18-ek). All included pts provided informed consent.



Transthoracic echocardiography (TTE)

TTE was performed using a Vivid E9 or E95 ultrasound systems with a M5-S or a 4Vc phased array probe (GE Healthcare Vingmed Ultrasound AS, Horten, Norway). Analyses were performed with the EchoPac software (Version 204, GE Healthcare Vingmed Ultrasound AS, Horten, Norway).

Conventional echocardiographic parameters, e.g., relative wall thickness (RWT), LV mass index (LVMi), LVEF, and cardiac index (CI) were determined by 2D and Doppler echocardiography according to current guidelines and recommended reference values were applied (17–19). All components of LV deformation were analyzed. 2D speckle tracking of the apical long-axis-, two- and four-chamber-view (2-ChV, 4Ch-V) was performed to characterize global longitudinal peak-systolic strain (GLS) and regional longitudinal strain (rLS) using the 18 LV segment model according to current recommendations (20, 21). For GLS and rLS assessment full myocardial tracking was performed after manual adjustment and acceptance of LV segments with accurate tracking. Global circumferential strain (GCS) and regional circumferential strain (rCS) as well as global radial strain (GRS) and regional radial strain (rRS) were assessed by full myocardial speckle tracking based on apical, mid, and basal parasternal short axis views (22–24). The acquisition of parasternal short-axis views requires a high degree of standardization. In particular, the basal and apical short-axis views must be assigned to segments based on the biplane perpendicular long-axis alignment (17). In addition, apical and basal LV rotation was analyzed. Artefact tracking was excluded according to recent recommendations (17, 21). Currently recommended values were used as reference values for longitudinal, circumferential, and radial strain (25, 26). Pathological strain patterns were characterized according to previously established criteria (17).



Cardiac magnetic resonance imaging

cMRI was performed using a 3 Tesla Philips Achieva (Philips, Eindhoven, The Netherlands). Analyses were performed with the IntelliSpace PACS software (Version 4.4, Philips, Eindhoven, The Netherlands). LV volumes and LVEF were analyzed by LV planimetry, myocardial edema was detected by increased T2-STIR-ratio (STIR = short tau inversion recovery) and by increased values of native T2-mapping (reference: <45 ms) (5, 4, 27). Hyperemia was assessed by T1 black blood sequences prior and post gadolinium administration by EGE (5). EGE measurements were performed by left ventricular segmentation into cranial, mid, and caudal slices according to the first methodological description (5). Increased values of native T1mapping (reference: <1,250 ms) characterizes myocardial injury by an underlying disease processes (e.g., fibrosis, edema, deposits of storage diseases, and/or myocyte necrosis) (4, 27). Myocardial fibrosis was determined by the occurrence of late gadolinium enhancement (LGE) by SPIR (spectral presaturation with inversion recovery) and SCAR sequences (T1 weighted scouting lock locker sequences) (4, 5). As this paper compared echo findings with MRI findings, the labelling of the left ventricular segments primarily referred to the common standard of speckle tracking echocardiography using the 18-segment model (20, 21). Therefore, the 18-segment model was chosen for both the speckle tracking analyses and the description of the CMR findings to allow a consistent comparison of the segments.



Statistical analysis

All statistical analyses were performed using SPSS Statistics (version 24.0, IBM, Armonk, NY) and Microsoft Office Excel (version 16.75, Microsoft). Normal data distribution was assessed by Kolmogorov-Smirnov-test. Continuous variables are expressed as mean ± standard deviation (SD). For continuous variables, differences between two groups were analyzed by student's t-test. The kappa coefficient (κ) was used to assess intra- and interobserver variability for echocardiographic measurements in 20 randomly selected pts. Data comparisons between more than two groups were performed by one-way analysis of Variance (ANOVA). All categorical variables were expressed as numbers and/or percentages. Chi-squared or Fisher exact test was used to analyze categorical variables as appropriate. A P value < 0.05 was considered to indicate statistical significance.




Results


Baseline characteristics and conventional echocardiographic parameters of systolic LV function

In 26 acute myocarditis pts with preserved LVEF (54% male, mean age 40.3 ± 13.3 years) pathological findings of LV deformation imaging by STE were compared with cMRI. Baseline characteristics of pts with acute myocarditis (n = 26) and controls (n = 12) are displayed in Table 1. Conventional echocardiographic parameters are shown in Table 2. Myocardial biopsy was performed in 7/26 (27%) pts. A pathogen was detected in 4/7 biopsies [EBV (2 pts), parvo B19, streptococcus].


TABLE 1 Baseline characteristics of acute myocarditis patients and controls.
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TABLE 2 Conventional echocardiographic parameters of acute myocarditis patients and controls.
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Heterogeneous patterns of pathological findings in acute myocarditis pts with preserved LVEF

All pathological findings were evaluated individually regarding their localization, extent, and severity. In Figure 2 schemes of the pathological findings are illustrated by an example of a representative myocarditis patient. Qualitative findings were characterized as non-pathological or pathological regarding the 18-segment model. Quantitative values were described as pathological by exceeding the reference values. Qualitative findings of LGE were characterized by different patterns of LV segments according to their different pathology (non-pathological, subepicardial, subendocardial, transmural, diffuse). Pathological findings of longitudinal and circumferential strain were characterized by different color brightness and colors according to their %-change-intervals. Radial strain and LV rotation were described as pathological by exceeding reference values.


[image: Figure 2]
FIGURE 2
Pathological findings by cMRI and STE in a representative patient with acute myocarditis. On the right-side bull's eye schemes of T2-STIR (short tau inversion recovery), native T2-mapping, EGE (early gadolinium enhancement), native T1-Mapping, LGE (late gadolinium enhancement) are shown. On the left side bull's eye schemes of rLS (regional longitudinal strain), subepicardial CS (circumferential strain), subendocardial CS, RS (radial Strain), and LV rotation (basal and apical LV rotation in degrees) are shown. The corresponding LV segments and the level of the LV are designated in fist two bull's eye schemes as an example. Legends and respective reference values are given next to the corresponding bull's eye schemes.


The localizations of the individually variable pathological findings are shown in Figure 3. In general, LV deformation parameters showed patchy patterns. Predominant alterations of LV deformation were documented in the basal inferolateral and neighboring LV segments (subepicardial CS) with consecutive effects on LV rotation (Figure 3). LV deformation abnormalities by STE could be observed in all pts within or near the segments that showed suspicious abnormalities of tissue characterization by cMRI. For transparency and verifiability of the detected pathologies, the individual schemes for each patient are represented in the Supplementary Material.


[image: Figure 3]
FIGURE 3
Variable distribution and severity of involved pathological segments documented by cardiac magnetic resonance imaging and speckle tracking echocardiography. Pathological findings of LGE (late gadolinium enhancement), native T1- and T2-Mapping, subepi- and subendomyocardial circumferential strain, radial and longitudinal strain were assigned to the respective 18 LV segments. Pathological EGE (early gadolinium enhancement), T2-STIR (short tau inversion recovery) and LV rotation were assigned to the respective three LV levels (basal, mid, and apical). The circled number represents the corresponding patient in each case. n.a., not available.


Mean values of T2-STIR ratios and native T2-mapping were increased documenting myocardial edema (Supplementary Table S1). Especially, the basal inferolateral LV segment showed higher native T2-mapping values (47.0 ± 5.9 vs. 51.7 ± 6.7; P = 0.02). Increased EGE due to hyperemia was documented in half of the pts (Supplementary Table S1). Native T1-mapping values of the basal inferolateral LV segments were significantly higher compared to the apical segments (1,290.0 ± 80.7 vs. 1,324.4 ± 85.0; P = 0.03) (Supplementary Table S1). The distribution of LGE was individually variable being pronounced in the basal inferolateral LV segments (Figure 4).


[image: Figure 4]
FIGURE 4
Distribution of regional late gadolinium enhancement in patients with acute myocarditis illustrated by a bull's eye plot. LV segments with less than 5 positive findings out of 26 patients are labelled in green, 5 to 10 positive findings out of 26 patients in orange, and more than 10 positive findings out of 26 patients in red.


STE findings with respect to the localization of the involved LV segments are illustrated in the Supplementary Table S1. rLS was within lower normal ranges in the basal-mid LV segments and in normal ranges in the apical LV segments. rLS of the basal inferoseptal (−15.5 ± 2.7% vs. −21.7 ± 6.6%; P < 0.001) and inferior (−18.0 ± 3.8% vs. −22.8 ± 6.3%; P = 0.002) LV segments were reduced compared to the apex. Subepicardial CS was predominantly reduced in the anterior LV segments. Significantly lower subepicardial CS could be observed in the basal inferolateral (−5.5 ± 10.9% vs. −12.8 ± 9.5%; P = 0.039), inferoseptal (−17.0 ± 7.2% vs. −10.4 ± 7.2%; P < 0.001), and anteroseptal LV segments (−18.9 ± 7.7% vs. −9.0 ± 6.9%; P < 0.001) compared to corresponding apical segments. Subendocardial CS was within lower normal values. Significantly lower subendocardial CS could be observed in the basal anteroseptal LV segments (−34.5 ± 9.9% vs. −24.6 ± 11.0%; P < 0.001) compared to corresponding apical segments. RS was within normal ranges without any significant differences between LV apex and base (Supplementary Table S1). Regional LV rotation was in normal ranges, although LV rotation was higher in all segments of LV apex (P < 0.001) (Supplementary Table S2).

In the control group of pts who underwent cMRI due to unspecific symptoms, no pathological findings were documented by cMRI. Accordingly, all components and layers of LV deformation showed normal values by STE (Supplementary Table S3).

Intra- and interobserver variability showed a high agreement for echocardiographic longitudinal (κ = 0.86; z = 4.58, p < 0.001; κ = 0.79; z = 4.28, p < 0.001) and circumferential strain measurements (κ = 0.83; z = 4.55, p < 0.001; κ = 0.78; z = 4.19, p < 0.001) in 20 randomly selected pts. Intra- and interobserver variabilities for the remaining conventional echocardiographic measurements consistently showed good agreement as well.




Discussion

The main findings of the present study about acute myocarditis pts with preserved LVEF are:


	(1)Findings of edema or/and myocardial injury documented by cMRI are associated with impairment of LV deformation components documented by STE.

	(2)The variable distribution of involved LV segments show a patchy pattern in acute myocarditis pts documented by both, cMRI and STE.

	(3)Regional LV involvement due to acute myocarditis (edema, subepicardial or diffuse myocardial injury) documented by cMRI does not always lead to impairments of LV deformation in the same LV segments. However, at least neighboring LV segments are involved.

	(4)LGE is predominantly observed by cMRI in the basal inferolateral LV segment.

	(5)Impairment of LV deformation is predominantly observed due to decreased rCS by STE in the basal inferolateral LV segment.

	(6)In controls no pathological findings were observed neither by cMRI nor by STE.




Diagnostic challenge of acute myocarditis

Histopathological findings of myocardial inflammation in endomyocardial biopsy (EMB) specimens are considered the gold standard for detecting (acute) myocarditis (7, 28). However, the diagnosis can only be confirmed by EMB if signs of inflammation or the virus itself are detected in the specimens. cMRI represents the accepted non-invasive gold standard to diagnose acute myocarditis (4–7). Diagnostic targets of cMRI comprise hyperemia, capillary leak, edema, myocardial injury by loss of cell integrity, necrosis, infiltration of inflammatory cells like macrophages as well as interstitial fibrosis and scars. Although these changes due to myocardial tissue inflammation cannot define the final specific diagnosis, cMRI can predict the diagnosis with high probability based on tissue phenotyping and distribution of LGE pattern (29).

Echocardiography is usually mentioned in the guidelines for the diagnosis of acute myocarditis only to detect left ventricular systolic function or to first rule out other causes of heart failure, e.g., valvular heart diseases, congenital heart disease or certain types of cardiomyopathies (28, 30). It can further be used to monitor LV systolic function including wall motion abnormalities, pericardial effusion, or intracavitary thrombi (7, 28, 31). In contrast to the detection of specific structural tissue changes by cMRI, echocardiography—especially in acute myocarditis with preserved LVEF—is limited by the sole detection of functional findings, which allow interpretation only in context of the patient's medical history and clinical situation. Despite the increased number of women and the lower BMI of the control group, it seems unlikely to the authors that these factors are likely to be relevant in the diagnosis of myocarditis. In the present study, LVEF is significantly lower in myocarditis pts than in controls, although the mean value is in the lower normal range. However, this finding is not surprising, as the patchy and predominantly subepicardial fibrosis observed may impair the functional state of the LV myocardium. According to the available data, changes in LVEF seem to affect the circumferential component of LV deformation more than the longitudinal component.

STE may improve the echocardiographic diagnostic approach in acute myocarditis by objectifying both discrete regional wall motion abnormalities and involvement of the different myocardial LV layers (20, 22, 25, 26, 32–36). The analysis of different components of LV deformation, including regional myocardial layers, may be particularly useful in the diagnosis of myocarditis because subepicardial myocardial damage is predominantly seen (5, 6). Currently, STE is increasingly used to support the suspected diagnosis of acute myocarditis (8, 11–14). However, 2D STE requires standardized imaging with sufficient image quality to perform tracking analyses in a valid and verifiable manner without artifact tracking (17, 24, 37). In addition, inter-vendor differences of tracking analyses must be considered (38).

Of note, despite the small number of pts with acute myocarditis, pathological findings were found by both cMRI and STE in all pts, whereas no pathological findings were found by either cMRI or STE in controls during this time. However, this small cohort of pts from the pre-SARS-CoV-2 era seems noteworthy, as pts after SARS-CoV-2 infection often present with cardiac symptoms suggestive for concomitant myocardial involvement (16, 39–42). Because residual cardiac findings after unrecognized concomitant myocarditis secondary to SARS-CoV-2 infection are likely to cause changes in LV rotation, even this highly selected group of pre-SARS-CoV-2 era pts may be valuable for future investigation.



The association between structural changes and functional impairment in acute myocarditis

Edema, myocardial injury and fibrosis due to inflammation, as well as vascular complications due to acute inflammation-related thrombus formation, may affect all LV regions to varying degrees (1, 7). While acute myocarditis with severe heart failure is easily recognized by functional abnormalities using TTE and STE, mild courses of myocarditis are often underdiagnosed, although these pts also appear to be associated with a less favorable prognosis (1, 3, 7, 8, 13). The present data demonstrate an association between abnormalities in tissue characterization documented by cMRI and impairment of LV deformation documented by STE. In this regard, there is a relevant degree of myocardial involvement in pts with acute myocarditis characterized by pathological CS, without apparent impairment of global LV systolic function. However, impairment of LV deformation by STE did not always correspond to LV segments with abnormalities in tissue characterization according to cMRI. Thus, in individual pts, LV deformation was unremarkable in LV segments where myocardial edema was detectable on cMRI. Even in pts with subepicardial LGE, rCS could still be within normal ranges. An additional involvement of the pericardium in the presence of perimyocarditis is usually manifested by an accompanying pericardial effusion. Adhesion between the epicardium and pericardium after absorption of pericardial fluid could explain the functional impairment of LV segments adjacent to LGE findings detected by cMRI in prolonged inflammation or chronic courses. The most striking finding was pathological rCS in the subepicardial layers, which was predominantly detected in the basal inferolateral LV segments. Thus, impairment of LV rotation is apparently more frequently affected than impairment of rLS. Based on this higher sensitivity the use of STE to detect subclinical myocardial involvement in acute myocarditis seems reasonable.



The attribution of functional impairments secondary to acute myocarditis

The observed pathological patterns of the individual LV deformation components cannot be exclusively attributed to acute myocarditis, as they represent nonspecific findings with a variety of possible causes. However, especially in younger pts without previous cardiac disease, the suspected diagnosis of myocarditis can be corroborated by these STE modalities. Follow-up examinations are frequently performed in special cohorts such as athletes and/or special occupational groups such as pilots. In these situations, altered strain curves of the individual LV deformation components from normal to pathological STE findings after viral infections allow to emphasize the diagnosis of acute myocarditis in TTE follow-up examinations (9). In such patient cohorts, a detailed STE which includes all components of LV deformation could avoid unnecessary cMRI examinations or serve to target pts for cMRI to confirm the diagnosis. A major argument for the causal correlation between structural findings in cMRI (predominantly LGE) and functional findings in STE (predominantly subepicardial CS) in pts with acute myocarditis is that the basal inferolateral LV segment was most affected by both methods.



Clinical implications of residual myocardial involvement

After the acute stage, pts are at increased risk for cardiovascular events, e.g., malignant arrhythmias, compared with the general population. Even after mild and subclinical courses of acute myocarditis, subepicardial fibrosis can act as an arrhythmogenic substrate for malignant arrhythmias, which may result in an unfavorable prognosis in these pts (1, 3, 15). However, data on patient outcome depending on the severity of myocardial injury in pts with myocardial involvement due to viral infections are sparse (1–3, 28, 39, 43, 44). Despite their primary lack of functional relevance, small areas of fibrosis may cause persistent impairments of regional LV deformation, especially of rCS. Therefore, findings described in the present study have implications for future echocardiographic documentation, particularly due to standardized documentation of parasternal short-axis views (apical, mid, basal) so that all components of LV deformation can always be assessed. Persistent areas of fibrosis can also be observed after SARS-CoV-2 infection. In consequence of SARS-CoV-2 pandemic, it can be speculated that abnormalities of LV deformation might also be observed in a higher percentage during follow-up examinations in the future. Therefore, the present study sets the stage for follow-up studies to determine the prognostic value of persistent LV deformation abnormalities in pts after viral infections, including SARS-CoV-2.



Limitations

The present study is mainly limited by the small number of pts. The most decisive reason for the limited number of pts was the purposeful selection of pts with positive cMRI findings and preserved LV systolic function. According to methodological requirements, pts with bundle branch blocks, arrhythmias, and poor acoustic windows were excluded. In addition, the acquisition of apical, mid, and basal parasternal short-axis views was not part of the daily standardized imaging protocol before the SARS-CoV-2 era, further decimating the number of complete data sets to assess all components of LV deformation. The labelling of the left ventricular segments primarily referred to the common standard of speckle tracking echocardiography using the 18-segment model (20, 21). Therefore, an 18-segment model has been chosen for both the speckle tracking analyses and the description of the CMR findings to allow a consistent comparison of the segments.




Conclusion

The present study documents the feasibility of detecting regional deformation abnormalities by echocardiography in patients with acute myocarditis confirmed by cMRI. The most important echocardiographic finding in patients with acute myocarditis is an impairment of regional circumferential strain in the basal inferolateral LV segment, whereas assessment of global strain values does not appear to be of critical value.
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