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Background: Cardiac magnetic resonance (CMR) plays a major diagnostic role in acute myocarditis (AM) in children as biopsy is rarely performed in this age group. Contribution of standard echocardiography (ECHO) is limited in AM, but speckle tracking echocardiography (STE) quantitatively characterizes myocardial function, with good sensitivity for detecting subclinical left ventricular (LV) dysfunction and regional kinetics disorders beyond the site of inflammation. This work aimed to evaluate the diagnostic potential of STE as compared with CMR findings in pediatric patients with AM.



Methods: The study was conducted during 2022–2023. Troponin, electrocardiography, ECHO with STE, and CMR with early and late enhancement were performed on each patient. Affected heart segments were analyzed by both STE and CMR, and the correlation of the two methods was assessed.



Results: During the study period, 20 children were diagnosed with AM [14 boys, 6 girls; mean age 12 years (median 14)]. On ECHO, three patients had a deviation in LV biometry, and four patients had a mild systolic function disorder. STE showed at least one affected cardiac segment in all patients, most often the inferolateral segment (16/20; 80%). Of the 20 patients, STE showed a reduction in LV global longitudinal strain in 13 (65%) patients. In all patients, CMR identified an inflammatory focus, most frequently inferolateral (15/20; 75%). The strongest accordance between STE and CMR was observed for the involvement of anterolateral segments (k = 0.88) and the weakest for inferoseptal damage (k = 0.4).



Conclusions: STE can provide important diagnostic information in pediatric patients with AM. This modality supports the detection of early regional edema and subclinical myocardial dysfunction and can determine the impairment severity. STE is non-invasive and repeatable without the need for special patient preparation or for general anesthesia.



KEYWORDS
myocarditis, PIMS-TS, COVID-19, speckle tracking echocardiography, global longitudinal strain of the left ventricle, cardiac magnetic resonance





1 Introduction

Myocarditis is an inflammatory disease of the heart muscle, defined by histological or immunohistochemical findings or findings on magnetic resonance imaging. The etiology can be infectious or non-infectious (1, 2). Clinically, a fulminant, acute, or chronic form of myocarditis can occur, with symptoms ranging from non-specific manifestations to heart failure, cardiogenic shock, or sudden death.

The diagnosis of myocarditis is based on a comprehensive evaluation of the patient's history, clinical symptoms, laboratory parameters (troponin elevation is the key finding), electrocardiography, and imaging techniques. A significant advancement in the diagnosis of myocarditis came with improvements in the technical parameters and interpretation of cardiac magnetic resonance (CMR) findings, allowing confirmation of myocarditis without an endomyocardial biopsy (EMB) (1), which has been considered the reference standard for diagnosis.

Among possible myocarditis-specific imaging methods, standard echocardiography (ECHO), as the standard method for morphological description and assessment of systolic and diastolic function, is usually performed first in a child with suspected myocarditis. When measuring myocardial kinetics, however, ECHO is significantly limited in diagnostic accuracy compared with quantitative measurement of regional myocardial deformation using two-dimensional speckle tracking echocardiography (STE). STE is non-invasive and quantitatively characterizes myocardial function by evaluating myocardium deformation, yielding better sensitivity for detecting subclinical left ventricular (LV) dysfunction (3). What is not clear is whether STE can facilitate or clarify a diagnosis of myocarditis in childhood, or even replace CMR if the latter is not available or cannot be performed.

This work aimed to evaluate and identify regional LV myocardial kinetics disorders using two-dimensional STE and compare the findings with those from CMR in pediatric patients with acute myocarditis.



2 Methods


2.1 Design

This study was conducted from January 2022 to December 2023 at the Department of Pediatrics, University Hospital Ostrava, Czech Republic. This tertiary referral center for pediatric cardiology serves a population of about 1,200,000 inhabitants, with 11,000 live births per year. The study included patients with a diagnosis of acute myocarditis confirmed according to all of the following: the clinical course, laboratory findings, and CMR. Troponin, ECG, ECHO, and CMR examinations were performed in each patient. The study was approved by the ethics committee of the University Hospital Ostrava under reference number 147/2024. There was no patient or public involvement in this research.



2.2 Echocardiography

The GE Vivid E95 (GE Healthcare, Horten, Norway) with advanced special software allowing speckle tracking for LV chamber evaluation (automated function imaging) was used for echocardiography. Advanced tools in the EchoPAC PC workstation equipped with the 2D strain research package were used for speckle tracking assessment for both ventricles.

For basic LV measurement, we used the technique according to Teichholz. The main parameters included the dimensions of the interventricular septal (IVS) and the LV posterior wall (LVPW) diameters at the end diastole, and the LV internal diameter at the end diastole and end systole. We converted the results into Z-scores using the official calculator for the Czech Republic, designed by the Prague Heart Center (4). Systolic function was evaluated by calculating the LV ejection fraction (EF) and fractional shortening (FS) according to Teichholz.

The 2D speckle tracking was performed at a rate of 60–80 frames/s from three viewing planes (apical long axis, apical four-chamber, and two-chamber planes) and evaluated using a semi-automatic algorithm (EchoPac, GE Healthcare). Aortic valve occlusion was measured on the 2D image. The region of interest was adjusted to cover only the thickness of the myocardium (5). The LV was then divided into 17 segments covering the entire LV myocardium, and global longitudinal strain (GLS) was calculated automatically as the mean global peak systolic strain from each of the three imaging planes.



2.3 CMR

During the first week of hospitalization, CMR was performed on a Siemens 3 T Magnetom Prisma, SW XA 31 device or a Siemens 1.5 T Magnetom Sola, SW XA 51 device. The so-called steady-state free precession sequence constitutes a basic part of the CMR protocol, giving high spatial resolution and providing a precise image for assessment of myocardial kinetics. Visualizing the different proton densities of individual tissues was crucial for distinguishing tissue CMR characteristics. The myocardium was evaluated on T1- and T2-weighted images, and all patients received a gadolinium-based contrast agent with immediate and delayed imaging. Gadovist 1 mmol/ml (dose 0.1 ml per kg; Bayer Pharma AG, Germany) was used as a contrast agent in children over age 7 years. For children under age 7 years, Dotarem 0.5 mmol/ml (dose 0.2 ml per kg; Guerbet, France) was used. The updated Lake Louise criteria were used to assess for the presence of myocarditis (6, 7).

The examinations were carried out according to a standard protocol. First, a morphological-kinetic examination of the heart was performed in basic projections (four-chamber, two-chamber for both ventricles, followed by the evaluation of the entire volume of the heart in the short axis). For these images, coherent echo (steady-state free precession) trueFISP sequences were used with reverse data segmentation according to synchronization with the ECG recording. CMR parameters were selected as follows: image width 6 mm, matrix 192 × 192, acquisition time 9 s, reverse segmentation in 25 phases in 1 R-R interval. This was followed by a perfusion examination of the myocardium with intravenous administration of a contrast agent. The turboFLASH dynamic sequence was initiated at the moment of the contrast agent application. After 10 min from the administration of the contrast agent, the inversion recovery FLASH sequences were performed, supplemented in selected parts of the myocardium suspected to be impaired by the “phase-sensitive inversion recovery” sequence—PSIR (image width 6 mm).

In three patients, the examination was performed under general anesthesia; in another five, light sedation was applied.



2.4 Statistical analysis

To describe the data, we applied basic descriptive statistics (arithmetic mean, standard deviation, median, interquartile range). Skewness and kurtosis tests of normality were applied. A symmetry test was used to compare the results of the CMR and ECHO methods, and agreement was assessed with the kappa index (8), expressed in terms of positive and negative results and overall agreement. Statistical test results were evaluated at a significance level of 5%, and all analyses were conducted using Stata version 17.




3 Results


3.1 Basic evaluation

During the 2022–2023 study period, 20 children were hospitalized with a diagnosis of acute myocarditis. Of the total number, 70% (14/20) were boys and 30% (6/20) were girls. The mean age was 12.0 years (median 14.0 years; interquartile range 9–16.8 years; min–max 2–18 years). The mean length of hospitalization was 15 days (median 14 days; interquartile range 11–17 days; min–max 8–26 days). From the clinical manifestations, non-specific symptoms similar to a viral disease dominated in 70% (14/20) of patients, and 30% (6/20) reported chest pain. ECG abnormalities (ST segment changes) were identified in 25% (5/20) of patients. The initial levels of troponin and N-terminal pro-B-type natriuretic peptide are shown in Table 1. In 85% (17/20) of the patients, a possible etiology for myocarditis was identified. In 65% (13/20), the myocardial involvement met the diagnostic criteria for the multisystem inflammatory response syndrome associated with SARS-CoV-2 (i.e., pediatric inflammatory multisystem syndrome temporally associated with SARS-CoV-2; PIMS-TS), and in 20% (4/20), we identified specific IgA and IgM antibodies for Coxsackie B1, B2, and B3 and enteroviruses. PCR confirmed the presence of influenza A in one patient; in two cases, no possible agent was identified. EMB was not indicated in any case.


TABLE 1 Laboratory results and echocardiographic measurements.
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3.2 ECHO

During ECHO, overall cardiac morphology, LV biometry, and systolic function were evaluated. Congenital heart defect nor another morphological pathology was found in none of the patients. When measuring the walls of the left ventricle, according to the Z-score, three patients with a deviation of >2 were identified (in one patient, this deviation was solely in the IVS parameter; in two patients, it was observed in both IVS and LVPW); normal LV biometry was found in all remaining patients. Mildly reduced systolic function (48%–55%) was detected in four patients, while no significant diasystolic dysfunction was identified in any patient. No overtly abnormal wall motion or LV geometry abnormality was evident on ECHO in any patient. Four patients had Degree I–II mitral regurgitation according to a semiquantitative assessment by color Doppler mapping. No pericardial effusion was present in any patient. Selected cardiac function parameters are shown in Table 1.



3.3 Speckle tracking and magnetic resonance

Four segments most commonly affected by myocarditis (inferolateral, anterolateral, inferoseptal, and anteroseptal segments), i.e., with the greatest regional reduction in longitudinal stress, were used for the comparison between CMR and STE. In all patients, regional reduction in at least one of these segments was observed: inferolateral (80%; 16/20 patients), anterolateral (65%; 13/20), inferoseptal (40%; 8/20), and anteroseptal (30%; 6/20). The global longitudinal tension of the left ventricle was reduced in 65% (13/20) of patients.

CMR confirmed the finding of acute myocarditis in the LV myocardium in all patients, while right ventricular involvement was not found in any patient. Of the segments selected for comparison (see above), evidence of inflammatory involvement was detected in at least one of these segments in all patients, namely: inferolateral (75%; 15/20), anterolateral (70%; 14/20), inferoseptal (50%; 10/20), and anteroseptal (40%; 8/20).

A comparison of the methods revealed that CMR and STE agreed on the localization in the only patient with only one segment affected. In all other patients, more than one segment was affected. In all these patients, STE and CMR agreed on at least one affected segment. In effect, we can say that in all patients with CMR-confirmed myocarditis, STE detected myocarditis as well. STE and CMR showed the strongest agreement in detecting the involvement of anterolateral segments (k = 0.88) and the weakest correlation in detecting inferoseptal damage (k = 0.4). The overall evaluation of agreement between STE and CMR for all four segments is shown in Table 2, and the pathological results acquired using both methods are shown in Figure 1 (pathological STE imagery from two patients), and Figure 2 (comparison of STE and CMR in one patient).


TABLE 2 Myocardial alteration in individual segments: agreement between STE and CMR.
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FIGURE 1
STE findings in two patients with acute myocarditis: (a) a 9-year-old PIMS-TS patient with transient mild LV dysfunction—longitudinal strain bull's eye plot patterns showing the involvement in the basal inferolateral to inferior and the mid-anterolateral area; (b) follow-up examination of this patient after 3 months, showing normalization of findings in the affected area; (c) an 11-year-old patient with PIMS-TS with preserved good LV function—longitudinal strain bull's eye plot showing the involvement in the anterolateral area and in the septal direction; (d) follow-up examination after three months, showing normalization of findings in the affected area.



[image: Figure 2]
FIGURE 2
Echocardiography speckle-tracking strain analysis and cardiac MRI in a 17-year-old man with acute perimyocarditis. (A) Speckle-tracking assessment of segmental and global strain on an apical long-axis echocardiography view with a bulls-eye plot of regional longitudinal strain values, which demonstrates impaired strain at the basal inferior and inferolateral wall. The blue segment is dyskinetic, meaning that the wall segment is bulging when it should be contracting. If the left ventricle walls are dyskinetic (i.e., bulging out), the GLS value is positive. (B) Cardiac MRI image demonstrates a T2 relaxometry native dual-chamber scan; the arrow indicates the area of the perimyocardial edema. (C) T2 relaxometry native short axis scan; the arrow indicates the area of the perimyocardial edema. (D) T1 DCE (dynamic contrast enhancement)—early enhancement of the inflammation in the peri-myocardial position of the chamber wall showing an enhancement of the near pericardial layer typical of myocarditis. (E) T1 PSIR postcontrast 15 min, short-axis scan, the arrow indicates the area of peri-myocardial scarring. The left ventricular ejection fraction (global function) was reduced. MRI: magnetic resonance imaging.




3.4 Follow-up

All patients were offered re-examination of STE and CMR at 3 months; in all, 80% (16/20) of patients came for the examination. The follow-up CMR showed scarring in the affected areas, but no myocardial kinetics disorder. Echocardiographically, all patients had normal LV EF on follow-up examination (two patients at the lower limit of normal). In all but one, LV GLS fully normalized by the time of the follow-up examination. In one patient, the examination was postponed due to another illness by five months (i.e., the measurement was performed at 8 months) with normal results. In another patient, the follow-up CMR was performed 1 month after discharge due to initially impaired left ventricular function. This patient also had visible scarring; however, the kinetics was physiological and GLS LV improved significantly. Two patients did not show up for re-examination despite being repeatedly asked to come for the follow-up.




4 Discussion

In our region, as monitored from the position of a tertiary center, the occurrence of myocarditis in children is 0.5 per 100,000. The incidence of inflammatory heart disease has, however, been changed by the COVID-19 pandemic. We observed an increase in hospitalized myocarditis cases from 1.5 cases per 1,000 hospitalizations before the pandemic to 5 cases per 1,000 hospitalizations during the pandemic period. In terms of etiology, we originally confirmed viral diseases, but during the pandemic, inflammatory involvement of the heart predominantly occurred as a part of PIMS-TS (9, 10). Despite the change in etiology, the higher prevalence in males persisted (11).

Determination of troponin level is fundamental the diagnosis of myocarditis; today, it is largely done using hyper/ultra-sensitive methods. In myocarditis, higher troponin levels correlate with disease severity (12). A higher troponin level may reflect the extent of inflammatory involvement, but its significance along with the development of myocardial dysfunction and a subsequent adverse prognosis is not entirely clear (13). If troponin is negative, myocarditis can be excluded with a high probability (14). In our cohort, we noted a wide variation in troponin values, from only slightly increased values to those exceeding 40,000 ng/L, and all patients survived without permanent health consequences. Importantly, it needs to be pointed out that no correlation between troponin levels and systolic function disorder was observed.

In a pediatric patient with suspected myocarditis, echocardiography is always indicated. Its role is to rule out effusions and structural damage to the heart and to characterize the systolic and diastolic function of the heart and coronary arteries. Thickening of the myocardial wall can mark edema, and echocardiography can contribute to an estimation of a fulminant course (15). In this work, a slightly lower LVEF was detected in four patients; in all of them, however, LVEF normalized within a few days.

As biopsy is performed exceptionally in children and CMR has its limitations, definitive identification of damage to the heart muscle in and after acute myocarditis poses a possible problem. We, therefore, extended ECHO to include the STE modality in patients with acute myocarditis and evaluated the benefit of this method. During an examination, STE can be used to assess and quantify all basic components of myocardial function, i.e., systolic and diastolic deformation, and the rate of deformation in all three dimensions (longitudinal, circumferential, radial). At the same time, STE allows the assessment of rotation and torsion of the left ventricle and temporal relationships between individual functional components, thus offering comprehensive information on myocardial function (16). GLS is of greatest importance in STE, because compared with EF, this longitudinal systolic deformation or shortening is a more reproducible measure of LV function (when measured according to Teichholz), regardless of echocardiographic experience (17). We confirm the good feasibility and reproducibility of this examination. A longitudinal shortening alteration in at least one segment as well as heart muscle damage was confirmed in all patients. The follow-up examination, however, confirmed the early normalization of GLS and regional longitudinal strain values, which indicated good reversibility of the disability in most patients. In one patient, LV GLS remained significantly reduced even at long-term follow-up as a result of non-adherence to recommendations during recovery and early loading of the myocardium by intense sports activity.

We assessed the advantages and limitations of both methods. CMR currently dominates in the diagnosis of acute myocarditis in children (7). With the help of early gadolinium enhancement (EGE) and late gadolinium enhancement (LGE), CMR can identify reversible (intracellular edema, hyperemia, capillary leakage) and irreversible (fibrosis) damage to the myocardium. We conducted CMR in all of our patients and confirmed the acute myocarditis focus in each case, with the inferolateral segment most frequently affected. Limitations of CMR, on the other hand, may lie in the assessment of myocardial edema in EGE because of the susceptibility of T2-weighted imaging to artifacts of various etiologies, which might have reduced the reliability of the examination result. Besides, in LGE, the foci may disappear during scar retraction or fall below the limit of detectability.

In several of the younger patients in our study, it was not possible to perform parametric mapping that could be advantageous for the diagnosis of edema, fibrosis, or infiltration of the heart muscle. This was mostly due to the higher heart rates in these patients (above 90 /min); at such a high heart rate, the quality of the images deteriorates and, at our workplace, we do not bradycardize children during the examination. In some patients, another reason lied in the fact that they were under general anesthesia, precluding respiratory cooperation. It should be also mentioned that a fundamental problem with CMR lies in its availability, which can be regionally limited, and in that the assessment of findings of focal myocarditis requires considerable experience, especially considering the small heart size in children. EGE and LGE require the administration of a contrast agent, which can be contraindicated in some situations (e.g., in patients with renal impairment); moreover, in smaller children, general anesthesia may be necessary to perform CMR (18).

It is necessary to add that CMR can also measure myocardial strains using modalities such as myocardial tagging (TAG), feature tracking (FT), or fast-strain-encoded CMR imaging (fast-SENC). TAG is the oldest of those three methods, but it suffers from low spatial resolution, longer acquisition times, longer post-processing times, and the possible presence of artifacts. The advantage of FT lies in the fact that no additional acquisition is needed as it relies only on the post-processing of standard MR imagery. Thus, it comes with a possibility of retrospective evaluation from already performed standard protocols, making it suitable also for retrospective studies. The SENC method was originally limited by the necessity of holding the breath for a long time and obtaining multiple heartbeats; it has been, however, significantly improved to allow real-time acquisition of myocardial strains in a single heartbeat (fast-SENC). This method is also able to provide a description of ventricular dysfunction. All three methods provide excellent global strain reproducibility; however, TAG and SENC provide better reproducibility than feature tracking for segmental strain (19). Fast-SENC appears to be highly reproducible and suitable for serial studies and able to reliably detect subclinical changes in myocardial function (20). Fast-SENC provides an excellent description of GLS (although TAG better describes the circumferential strain) (19) and, given that GLS is the most frequently studied strain, it can be suitable as a modality of future studies. In summary, CMR strain measurements are very promising, but standardization of available techniques is necessary. On the other hand, although MR strain modalities are very promising, it is still necessary to take the practical clinical considerations into account, such as the availability and capacity of CMR, which may be a limiting factor in many hospitals. From the pediatricians’ point of view, the limitations of CMR modalities associated with high heart rates in children and the need to bradycardize the patient must be also considered.

STE is a non-invasive examination that is repeatable and usable in everyday practice. No special preparation is required and the experience of the investigator is the only limitation. The quality of the examination depends on the cooperation of the patient; age is an important factor, with older patients cooperating better. From the perspective of echocardiographic methodology, it is necessary to correctly select the appropriate probe, to ensure that the echo loops are performed correctly, and to perform simultaneous ECG.

A significant reduction in GLS and segmental involvement can be demonstrated even in asymptomatic children or in symptomatic patients with normal LV function as measured by standard techniques (21, 22). The usefulness of STE has been confirmed in acute myocarditis in both adult and pediatric studies (23–25). STE supports the detection of even small changes in the affected tissue, such as minor edema and the reaction of the surrounding tissue to it. We see the potential of STE in early detection of regional edema and associated regional subclinical dysfunction. Moreover, STE can provide additional information about the location and degree of cardiac involvement and has potential in the long-term follow-up of children after acute myocarditis. In the long term, focal myocarditis can lead to subclinical LV dysfunction and further develop into dilated cardiomyopathy. STE could be used to monitor for such subclinical dysfunction in patients after acute myocarditis to facilitate early detection of systolic failure.

In this work, we used only GLS measurements, which appear to be a stronger predictor of adverse outcomes than circumferential and radial strains because GLS reflects the function of longitudinally oriented subendocardial muscle fibers that are adversely affected in the early stages of the disease. Reference values for circumferential and radial strains have not yet been reliably established or should be used with caution.

In this study, STE and CMR were not always strongly positively correlated. Both examinations were performed in all children. Their agreement was highest in the most frequently affected (inferolateral, anterolateral) segments and lowest in the septal segments (18). In several patients, the numbers of affected segments differed between the two methods. The inferolateral and anterolateral segments were predominantly affected. In some cases, STE revealed more affected segments than CMR, which can be explained by better detection capabilities of STE (as CMR, due to the above-mentioned limitations, may sometimes fail to reveal edema). Most importantly, however, STE was capable of identifying myocarditis at least in one segment in all affected children, which suggests that if our results are confirmed on larger patient groups, it could be safely used as a substitution for CMR in diagnosing myocarditis. In view of the often limited availability of CMR, this could have a major impact on early diagnosis of myocarditis in children.

Following up on this pilot study, we plan on further elaboration of this issue and expansion of the patient group as well as including patients in whom myocarditis was not confirmed by CMR.



5 Conclusion

Analysis of the cardiac function using 2D STE provides important diagnostic information in pediatric patients with acute myocarditis. In contrast to standard echocardiographic methods, this modality offers the possibility of early detection of subclinical myocardial dysfunction. It can provide additional information about the severity of cardiac involvement and reliable information about the localization of myocardial involvement at the segmental level. STE is non-invasive, does not require anesthesia or the administration of a contrast agent, and is repeatable without special preparation of the patient. It is very gentle for the pediatric population and could replace CMR in indicated cases. Another significant advantage could lie in long-term follow-up monitoring of patients who have experienced cardiac inflammation, especially of patients with permanently reduced LV GLS and preserved LVEF from the perspective of monitoring for the potential development of heart failure in adulthood.
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