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ORIGINAL RESEARCH

Unveiling the Diagnostic Value of Strain 
Parameters Across All 4 Cardiac Chambers 
in Patients With Acute Myocarditis With 
Varied Ejection Fraction: A Cardiovascular 
Magnetic Resonance Feature-Tracking 
Approach
Xinping Zhang , MD*; Ce Wang , MD*; Yuantao Huang , MD*; Shi-jun Zhang , MD, PhD;  
Junqing Xu , MD, PhD

BACKGROUND: This study assesses the diagnostic utility of strain parameters from cardiovascular magnetic resonance feature 
tracking across all cardiac chambers in patients with acute myocarditis, stratified by ejection fraction.

METHODS AND RESULTS: Our cohort included 65 patients with acute myocarditis and 25 healthy controls; all underwent 
cardiac magnetic resonance imaging. Patients were divided into 2 groups based on left ventricular ejection fraction (EF)
with a 55% cutoff: acute myocarditis with preserved EF, EF ≥55%, n=48; and acute myocarditis with reduced EF, EF <55%, 
n=17. The control group matched for age and sex. Cardiovascular magnetic resonance feature tracking evaluated strain 
parameters across all cardiac chambers. Both acute myocarditis with preserved EF and acute myocarditis with reduced 
EF groups showed significant decreases in left atrial peak early negative strain rate compared with controls. The acute 
myocarditis with reduced EF group had significantly reduced left ventricular circumferential strain relative to acute myocar-
ditis with preserved EF and controls. Receiver operating characteristic curve analysis confirmed the diagnostic accuracy 
in distinguishing patients with acute myocarditis with preserved EF from controls, with left atrial peak early negative strain 
rate achieving 92.9% specificity, left ventricular circumferential strain demonstrating an area under the curve of 0.832, and 
similarly effective results for left ventricular longitudinal strain and right ventricular longitudinal strain. Additionally, left atrial 
peak early negative strain rate and left ventricular circumferential strain showed significant correlations with troponin I levels, 
indicating myocardial injury.

CONCLUSIONS: Cardiovascular magnetic resonance feature-tracking–derived strain parameters, particularly left atrial peak 
early negative strain rate and left ventricular circumferential strain, effectively diagnose acute myocarditis across different EFs, 
enhancing diagnostic accuracy and facilitating early detection, notably in patients with preserved EF.
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The diagnosis of acute myocarditis poses signifi-
cant challenges because of its diverse origins, 
varied clinical manifestations, and the absence 

of a singular definitive diagnostic test.1 Research sug-
gests that the incidence of myocarditis may be fre-
quently underestimated in clinical practice.2 Early and 
precise diagnosis is vital for initiating timely and appro-
priate treatment strategies, thereby improving patient 
outcomes.

Cardiovascular magnetic resonance (CMR) imaging 
has proven to be an invaluable noninvasive diagnostic 
tool for myocarditis assessment, as it provides detailed 
insights into myocardial tissue characterization and 
function.3 Among the numerous functional parameters 
that CMR assesses, myocardial strain, which mea-
sures myocardial deformation, has garnered significant 
attention in recent years. Myocardial strain has demon-
strated its capability to serve as a sensitive marker for 
myocardial dysfunction, even in patients with preserved 
ejection fraction, thus offering additional diagnostic in-
formation.4 Moreover, several studies have reported 
that myocardial strain analysis could potentially provide 
additional diagnostic and prognostic data, especially in 
patients with preserved ejection fraction (EF), in whom 
conventional parameters might not sufficiently capture 
the extent of myocardial involvement.5,6

In recent years, there has been an increasing em-
phasis on the role of right ventricular function in car-
diovascular diseases, with impaired right ventricular 
function being closely associated with adverse clinical 
outcomes.1,7 Against this backdrop, this study seeks 
to conduct an extensive and systematic evaluation of 
cardiac morphologic features in patients with varied EF 
acute myocarditis using CMR feature tracking (FT), by 
analyzing strain parameters of the left atrium, left ven-
tricle, right atrium, and right ventricle. We propose that 
these parameters will exhibit high diagnostic value for 
assessing cardiac function in patients with acute myo-
carditis, even among those with preserved EF.

In addition to ventricular strain parameters, atrial 
strain parameters are emerging as crucial indicators 
of cardiac function, especially in conditions like acute 
myocarditis. Atrial strain, measured through advanced 
CMR techniques, offers insights into atrial mechanics 
and function.8 This is particularly relevant in myocardi-
tis, where atrial involvement can occur even when ven-
tricular function is preserved.9 By incorporating atrial 
strain analysis into our study, we aim to provide a more 
comprehensive assessment of myocardial dysfunction 
in acute myocarditis.

The aim of this study is to further explore the role 
of cardiac functional parameters, including myocardial 
strain parameters, across different heart chambers in 
the assessment of patients with acute myocarditis of 
varied EF. This could potentially unveil new diagnostic 
markers and provide insights into disease progression. 

CLINICAL PERSPECTIVE

What Is New?
•	 We advance the use of cardiovascular magnetic 

resonance to discern strain parameters in patients 
with myocarditis with preserved ejection fraction, 
an area less explored in the current literature.

•	 By comparing strain metrics between healthy 
controls and patients with myocarditis (both with 
preserved and reduced ejection fraction), our 
study highlights significant differences that offer 
potential for enhanced diagnostic methods.

•	 Our use of receiver operating characteristic 
curves underscores the potential of specific strain 
measures in differentiating patients with myocar-
ditis with preserved ejection fraction from healthy 
individuals.

What Are the Clinical Implications?
•	 Our insights equip medical professionals with 

innovative tools, leveraging strain metrics for 
accurate categorization of myocarditis cases, 
especially those maintaining a preserved ejec-
tion fraction.

•	 Our findings have the potential to reshape the 
current diagnostic paradigm for myocarditis, 
paving the way for more targeted therapeutic 
approaches.

•	 As myocardial imaging techniques advance, our 
proposed strain parameters have the potential 
to become cornerstone metrics in future diag-
nostic protocols, elevating the standards of my-
ocarditis diagnosis and treatment, although it is 
imperative to acknowledge that their integration 
into standard care requires rigorous validation 
and further research.

Nonstandard Abbreviations and Acronyms

AMY-pEF	 �acute myocarditis with preserved 
ejection fraction

AMY-rEF	 �acute myocarditis with reduced 
ejection fraction

CS	 circumferential strain
FT	 feature tracking
ICC	 intraclass correlation coefficient
LASRe	 �left atrial peak early negative strain 

rate
LAVpreac	 left atrial volume preatrial contraction
LS	 longitudinal strain
LVCS	 left ventricular circumferential strain
LVED	 left ventricular end diastolic
LVLS	 left ventricular longitudinal strain
RS	 radial strain
RVLS	 right ventricular longitudinal strain
RVRS	 right ventricular radial strain
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We propose that these parameters may offer additional 
diagnostic value beyond conventional EF assessment. 
Our hope is that this study will contribute to a better 
understanding of acute myocarditis and aid in the de-
velopment of more effective diagnostic and therapeu-
tic strategies.

METHODS
Because of the sensitive nature of the personal health 
information involved in our study, and adherence to 
strict privacy regulations, we are unable to provide 
public access to the original data set. All data analy-
ses were conducted with respect to privacy protection 
and ethical review compliance. The methods used in 
our analysis are detailed within the article to ensure the 
reproducibility of our research. We commit to facilitat-
ing legitimate research inquiries with appropriate data 
protection measures in place, providing necessary 
data and support where possible without contravening 
privacy principles.

Study Population and Data Collection
Study Population

This retrospective study included 65 patients di-
agnosed and treated for acute myocarditis at the 
Cardiology Department of our institution between 
January 2020 and December 2022. Acute myocarditis 
within 2 weeks of onset was diagnosed on the basis 
of clinical manifestations, laboratory findings, ECG 
alterations, and cardiovascular magnetic resonance, 
following the updated Lake Louise Criteria10 (Figure 1, 
Table S1).

The acronym “AMY” will be used to refer to the acute 
myocarditis group, which encompasses all patients di-
agnosed with acute myocarditis throughout this study. 
Additionally, we will use “AMY-pEF” to indicate patients 
with acute myocarditis with preserved ejection fraction, 
and “AMY-rEF” to represent patients with acute myo-
carditis with reduced ejection fraction. Patients were 
further stratified into 2 subgroups based on left ven-
tricular ejection fraction: AMY-pEF group with an EF 
of ≥55% (comprising 48 patients), and AMY-rEF group 
with an EF of <55% (consisting of 17 patients).

Additionally, 25 age- and sex-matched healthy vol-
unteers without a history of cardiovascular disease, with 
normal ECG results, and with unremarkable CMR exam-
ination findings were enrolled to form the healthy control 
group. All participants were Han Chinese ethnicity.

In this retrospective analysis, the adequacy of our 
sample size was retrospectively validated. A post hoc 
power analysis was conducted on the basis of the ob-
served effect sizes and the variability in the data, con-
firming that the sample of 65 patients and 25 healthy 
controls provided sufficient statistical power to detect 

significant differences in myocardial strain measure-
ments. This retrospective validation ensures confi-
dence in the findings despite the study’s observational 
nature. The study protocol received approval from the 
institutional review board, and informed consent was 
procured from all participants.

Baseline Characteristics and Data Collection

Demographic and anthropometric data, including age, 
sex, height, weight, and body surface area (BSA), were 
extracted from medical records for all participants. 
Clinical characteristics, like heart rate, ECG findings, 
and laboratory test results, such as levels of troponin I, 
were gathered from patients’ records. Moreover, data 
on cardiac function parameters, including left ventricu-
lar ejection fraction (LVEF), left ventricular end-systolic 
volume/BSA, left ventricular end-diastolic (LVED) wall 
mass/BSA, left atrial volume preatrial contraction 
(LAVpreac)/BSA, right ventricular ejection fraction, total 
left atrial emptying fraction, and passive left atrial emp-
tying fraction, were obtained from CMR reports.

CMR Acquisition Parameters
Our CMR scans were performed using a Siemens 
Magnetom Aera 1.5-T magnetic resonance imaging 
scanner, equipped with a PERU ECG gating board 
compatible with magnetic resonance imaging and an 
Antmed high-pressure injector. Gadopentetate dime-
glumine injection (Magnevist) was the contrast agent 
administered. Before the examination, subjects with 
regular heart rates underwent breath-holding training 
at the end of expiration. The CMR scans were per-
formed while the subjects were in a relaxed state.

For cardiac morphology scanning, a fast low-angle 
shot imaging sequence was used. This allowed for the 
rapid acquisition of axial, sagittal, and coronal images 
of the heart. Subsequent scanning was done on the 
heart’s sagittal image to obtain short-axis images from 
the apex to the root of the aorta. We used the Siemens 
Syngo platform’s automatic positioning method (day 
optimizing throughput) to place positioning coordi-
nates on the pseudo-short-axis image of the heart 
at the center of the left atrium, the root of the aorta, 
the corner of the right ventricle, the center of the mi-
tral valve, and the apex of the heart. Breath-holding 
scanning allowed us to obtain standard left ventricular 
long-axis 2-, 3-, and 4-chamber positioning images.

The TrueFisp sequence was used to scan each 
layer of the left ventricular long axis (2-, 3-, and 
4-chamber views) and the short axis (10 layers were 
taken with positioning lines perpendicular to the line 
connecting the apex to the midpoint of the mitral valve), 
enabling us to acquire cardiac cine images. The scan-
ning parameters included echo time/repetition time/flip 
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angle=1.45 ms/45.37 ms/54°, slice thickness=8 mm, 
and matrix=205×256.

We obtained edema-sensitive black-blood T2-
weighted sequences for short-axis and 4-chamber 
views. Before enhancement scanning, we acquired 
pre-T1 mapping and T2 mapping sequence im-
ages, including 4-chamber and short-axis images. 
Postenhancement, we captured T1 mapping im-
ages and late gadolinium enhancement images. 
Parameters included echo time/repetition time/flip 
angle=1.28 ms/688 ms/40°, slice thickness=8 mm, 
and matrix=156×256.

CMR Image Analysis
Scanned images were transferred to an imaging work-
station for postprocessing, which was performed using 
the Cardiovascular Imaging42 software developed by 
Circle Cardiovascular Imaging in Canada. Two cardiac 

imaging radiologists (Xu J and Zhang S), each with 
>20 years of experience in magnetic resonance imag-
ing, independently performed a double-blind analysis 
of all images, adhering to uniform standards.

Left/right ventricular function measurements were 
performed on left ventricular short-axis cine sequence 
images. The largest left ventricular cavity area was man-
ually selected for end diastole, whereas the smallest left 
ventricular cavity was chosen for end systole. Using a 
semiautomatic method, the endocardial and epicardial 
contours of the end-diastolic and end-systolic images 
of the left/right ventricle in the short-axis position were 
outlined layer by layer. Papillary muscles and blood 
pools were excluded for the left ventricle. After outlining, 
the software was able to calculate the ejection fraction 
(EF) of the left and right ventricles, standardized end-
diastolic volume, end-systolic volume, stroke volume, 
and left ventricular myocardial mass (systolic/diastolic).

Figure 1.  Patient recruitment and selection flowchart.
This flowchart details the recruitment, selection, and classification of patients for the study, adhering to 
the Lake Louise Criteria 2018 for Cardiac Magnetic Resonance in Nonischemic Myocardial Inflammation 
(LLC2018) Guidelines. AMY-pEF indicates acute myocarditis with preserved EF; AMY-rEF, acute 
myocarditis with reduced EF; CMR, cardiovascular magnetic resonance; EF, ejection fraction; and FT, 
feature tracking.
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The endocardial contours of the left atrium at end 
diastole and end systole were manually traced on the 
2- and 4-chamber levels of the left atrium. The soft-
ware then automatically averaged the results from 
the left atrial 2- and 4-chamber views to generate the 
outcome. Standardized left atrial maximum and mini-
mum volumes were obtained, and the LAVpreac was 
determined by manually selecting and delineating the 
left atrial active presystolic endocardium. Using these 
data, we were able to derive the total left atrial empty-
ing fraction, passive left atrial emptying fraction, and 
active left atrial emptying fraction. The passive empty-
ing fraction and active emptying fraction represent the 
conduit function and booster function of the left atrium, 
respectively.

Strain Analysis
For the assessment of myocardial deformation, we 
leveraged FT imaging technology for the strain analy-
sis of CMR images. FT imaging is a postprocessing 
technique that quantifies myocardial strain without the 
need for extra dedicated imaging sequences, such 
as tagging or displacement encoding with stimulated 
echoes imaging.11 The FT imaging method traces the 
motion of features or patterns within the myocardium 
throughout the cardiac cycle, facilitating the calculation 
of strain parameters.

In this study, our attention was concentrated on 3 
specific strain parameters, all ventricular strains cov-
ered in the article are global strain: radial strain (RS), 
circumferential strain (CS), and longitudinal strain (LS). 
RS reflects the variations in myocardial wall thickness 
throughout the cardiac cycle, whereas CS represents 
changes in myocardial circumference that are primarily 
influenced by the obliquely oriented myocardial fibers 
extending from the apex to the base of the heart in the 
subepicardial layer. LS, on the other hand, illustrates 
alterations in the length of the myocardium along the 
long axis of the heart.12,13

These strain parameters were selected because of 
their comprehensive portrayal of myocardial deforma-
tion and function, offering us a well-rounded perspec-
tive on cardiac mechanics.

CMR images were processed for strain analysis 
using the Cardiovascular Imaging42 software package 
from Circle Cardiovascular Imaging. The software au-
tonomously identifies and tracks myocardial boundar-
ies across the entire cardiac cycle, computing strain 
values for each segment based on the American Heart 
Association’s 17-segment model.14 Global strain values 
for each strain parameter were then generated by av-
eraging the segmental strain values.

Atrial strain was measured by manually outlining 
the endocardial borders (excluding pulmonary veins 
and auricles) at the end of systole. The software 

subsequently autonomously outlines the endocardial 
borders throughout the cardiac cycle. Physicians veri-
fied the quality of automatic tracking and made manual 
adjustments if needed, followed by manually drawing 
the epicardial contours to finally yield the endocardial/
epicardial contours for each phase. Once the strain 
analysis was initiated, the software generates a time 
versus strain/strain rate graph, from which total strain, 
passive strain, active strain, peak positive strain rate, 
peak early negative strain rate, and peak late negative 
strain rate could be derived. Left atrial strain data are 
based on results at the 2- and 4-chamber levels, aver-
aged to obtain left atrial strain and strain rate. The aver-
age of 2 measurements was taken as the outcome for 
right atrial strain and strain rate, which were obtained 
only at the 4-chamber level.

Total strain represents the reservoir function of 
the atria, which involves the collection and storage 
of pulmonary venous blood during ventricular sys-
tole. Passive strain denotes the conduit function of 
the atria, which channels blood from the pulmonary 
veins through the atria into the ventricles during early 
ventricular diastole, facilitated by a pressure difference 
between the ventricles and atria. Active strain, on the 
other hand, represents the booster pump function of 
the atria, in which the left atrium actively contracts to 
enhance ventricular filling during late ventricular dias-
tole. Peak positive strain rate, peak early negative strain 
rate, and peak late negative strain rate correspond to 
the atrial strain rate, which is the rate of deformation of 
the inner atrial myocardium per unit of time.

After outlining the endocardium of the left and right 
ventricles at the short-axis level during cardiac function 
measurements, the software automatically traces the 
endocardium of the left and right ventricle in the 2- and 
4-chamber views, whereas the epicardium of the right 
ventricle is manually traced at each level. On the basis 
of these tracings, ventricular CS, RS, and LS can be 
calculated.

All experimental results were measured twice, with 
the average taken as the outcome.

Statistical Analysis
The data were processed using the SPSS 25.0 statisti-
cal software and were presented as the mean±SD. The 
Kolmogorov-Smirnov test was used to determine data 
normality. The myocardial strain values of the healthy 
control group and the myocarditis group were com-
pared using the independent sample t-test, whereas 
categorical variables were compared using either the 
χ2 or Fisher exact test, depending on suitability.

Box plots were used to visualize the myocardial strain 
values within each subgroup of the healthy control and 
myocarditis groups. One-way ANOVA was implemented 
to compare the myocardial strain values among various 
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groups within each subgroup for both healthy controls 
and myocarditis cases. Pairwise comparisons between 
groups were conducted using the least significant differ-
ence t-test. If the results showed statistical significance, 
a receiver operating characteristic (ROC) curve analy-
sis was performed to establish the optimal diagnostic 
threshold based on the maximum Youden index.

To manage the family-wise error rate and decrease 
the probability of type I errors, we applied the Bonferroni 
correction because of multiple comparisons made in 
this study. The significance level (α) was adjusted by 
dividing it by the number of comparisons (m). The re-
sulting adjusted significance level (α/m) was then used 
as the threshold to determine statistical significance.

Spearman rank correlation analysis was applied 
to evaluate the relationships between left atrial peak 
early negative strain rate (LASRe), left ventricular CS 
(LVCS), LVEF, and myocardial mass (LVED wall mass), 
separately. The consistency and reproducibility of the 
measurements were examined using the intraclass 
correlation coefficient (ICC) and Bland-Altman analy-
sis. To ensure the integrity and reliability of our intraob-
server and interobserver analysis, CMR observers 
were systematically blinded to all demographic and 
clinical parameters of the participants.

RESULTS
Study Population and Baseline 
Characteristics
Study Population

This retrospective study included 65 patients with 
acute myocarditis and 25 age- and sex-matched 
healthy volunteers serving as the control group. On the 
basis of LVEF criteria, patients were categorized into 2 
groups: EF preserved (48 patients) and EF reduced (17 
patients), as detailed in Table 1.

In our study cohort, a notable male/female ratio 
of 4:1 was observed, reflecting well-documented sex 
disparities in myocarditis incidence, as seen in both 
human and murine studies.15–17 This trend underscores 
the importance of considering sex differences in myo-
cardial strain and their clinical implications.

Baseline Characteristics and 
Anthropometric Variables

The groups showed no significant differences in an-
thropometric variables, including age, sex, height, 
weight, and BSA.

Clinical Characteristics

Clinical characteristics, including heart rate, ECG 
manifestations, laboratory test results, and cardiac 

function parameters, were analyzed for each group 
(Tables 1–3).

Strain Analysis
Atrial Strain Analysis

The acute myocarditis group displayed notably lower 
values in left atrial strain parameters, including Left Atrial 
Total Strain LAEs, LAEe, LASRs, and LASRe, com-
pared with the healthy control group. The preserved EF 
acute myocarditis subgroup showed reductions in LAEs 
and LAEe, and a significant decline in LASRe (Table 4, 
Figure 2). In the EF-preserved subgroup, we observed 
a nonsignificant yet notable trend toward reduced right 
atrial strain and strain rate when compared with con-
trols, suggesting a subtle but discernible impact of myo-
carditis on atrial function. These observations, although 
preliminary, warrant further investigation to elucidate 
the underlying disease mechanisms and may become 
more pronounced in studies with larger patient cohorts.

Ventricular Strain Analysis

In our exploration of ventricular strain parameters, we 
observed distinct differences between patients with 
myocarditis and healthy controls. Specifically, patients 
with myocarditis exhibited a significant reduction in 
left ventricular LS (LVLS), averaging −13.9%±2.8%, 
compared with −16.4%±1.4%, in the control group 
(P=0.002). Subgroup analysis revealed that both those 
with preserved EF (LVEF ≥55%, −14.3%±3.3%) and 

Table 1.  Comparative Baseline Clinical and Laboratory 
Profiles of Study Participants Stratified by EF Levels

Characteristic
AMY-pEF 
(n=48)

AMY-rEF 
(n=17)

Age, y 28±8 32±5

Male sex 38 (79.2) 14 (82.4)

Female sex 10 (20.8) 3 (17.6)

Height, cm 172±7 170±10

Weight, kg 71±12 76±16

Laboratory markers: TnI, ng/mL 7.33±4.29 28.56±6.90

Acute chest pain 23 (47.9) 15 (88.2)

Fever 15 (31.3) 4 (23.5)

Respiratory or gastrointestinal tract 
symptoms

20 (41.7) 5 (29.4)

Dyspnea 25 (52.1) 16 (94.1)

Chest discomfort 31 (64.6) 17 (100)

Palpitation 18 (37.5) 14 (82.4)

Presyncope or syncope 6 (12.5) 6 (35.3)

Unexplained cardiogenic shock 0 (0) 2 (11.8)

ECG/Holter/stress test features 32 (66.7) 17 (100)

Data are presented as mean±SD or as number (percentage).
AMY-pEF indicates acute myocarditis with preserved EF; AMY-rEF, acute 

myocarditis with reduced EF; EF, ejection fraction; and TnI, troponin I.
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those with reduced EF (LVEF <55%, −13.0%±1.4%) 
were significant in LVLS when compared with controls 
(P=0.033 and P=0.005, respectively). However, the dif-
ference between the 2 myocarditis subgroups was not 
statistically significant (P=0.229).

We noted significant differences in LVCS between the 
patients with myocarditis (−20.0%±2.0%) and the healthy 
controls (−22.4%±1.3%; P<0.001). The preserved (LVEF 
≥55%, −20.7%±1.7%) and reduced EF (LVEF <55%, 
−18.7%±2.2%) myocarditis subgroups both showed 

Figure 2.  Differential cardiac strain profiles in myocarditis: a comparison across ejection fraction (EF) spectrum.
This figure illustrates the disparity in key cardiac strain indicators among healthy individuals and patients with myocarditis with 
both preserved and reduced EF. Strains, such as left atrial total strain (sum of passive strain and active strain; LAEs) (A), left atrial 
passive strain (LAEe) (B), and left atrial peak early negative strain rate (LASRe) (C), provide insight into left atrial function, whereas left 
ventricular longitudinal strain (LVLS) (D), left ventricular circumferential strain (LVCS) (E), and right ventricular longitudinal strain (RVLS) 
(F) reflect ventricular mechanics. Notably, even when EF is preserved, patients with myocarditis show significant strain alterations, 
underlying the nuanced impact of myocarditis on cardiac function and emphasizing the value of comprehensive strain assessment in 
this context. AMY-pEF indicates acute myocarditis with preserved EF; and AMY-rEF, acute myocarditis with reduced EF.
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notable decreases in LVCS compared with controls 
(P=0.013 and P<0.001, respectively). The reduced LVEF 
group also exhibited a significant decrease compared 
with the preserved LVEF group (P=0.016) (Figure 2).

Similarly, right ventricular LS (RVLS) and right 
ventricular radial strain (RVRS) were significantly de-
creased in patients with myocarditis relative to controls 
(RVLS: −16.0%±3.4% versus −19.9%±3.5%, P = 0.013; 
RVRS: 21.2%±7.6% versus 26.3%±5.9%, P=0.039, 
respectively). Additionally, in subgroup analysis, RVLS 
was notably reduced in both the preserved and the 
reduced LVEF subgroups compared with controls 
(P=0.022 and P=0.046, respectively), but with no sig-
nificant difference observed between the 2 myocarditis 
subgroups (P=0.742). For RVRS, a significant decrease 
was noted in the reduced LVEF subgroup relative to 
both controls (P<0.001) and the preserved LVEF group 
(P=0.002), but not between the preserved LVEF group 
and controls (P=0.410) (Table 5).

Sex Differences in Myocardial Strain Analysis

Our cohort displayed a male/female ratio of 4:1, re-
flecting the sex disparity reported in myocarditis inci-
dence. The sample size determined by G*Power 3.1, 
for the acute myocarditis group (AMY) and the pre-
served ejection fraction myocarditis group (AMY-pEF) 
was deemed sufficient for our analysis. However, the 
reduced ejection fraction myocarditis group (AMY-rEF) 
did not meet the required sample size for robust statis-
tical evaluation. Independent sample t-tests within the 
AMY and AMY-pEF groups showed no significant dif-
ferences in myocardial strain between sexes (Table S2).

Diagnostic Performance of Myocardial Strain 
Parameters in EF-Preserved Patients With 
Myocarditis

We assessed the diagnostic capability of myocar-
dial strain parameters in identifying patients with EF-
preserved myocarditis through ROC curve analysis 
(see Table 6 for details). This analysis highlighted the 
potential of these parameters to detect myocarditis 
even when traditional cardiac function measures, like 
EF, are normal.

In our study, we presented myocardial strain imag-
ing from 2 cases. The first case was a healthy control 
subject, displaying normal myocardial strain measure-
ments with LVCS at −23.6% and LASRe at −4.6 s−1. 
The second case involved a patient with acute myocar-
ditis and preserved EF, exhibiting reduced myocardial 
strain, as evidenced by LVCS at −20.3% and LASRe 
at −3.2 s−1 (as illustrated in Figure 3). This comparison 
highlights the significant strain differences between 
healthy individuals and patients with myocarditis, even 
when EF is preserved.

These results demonstrated that LAEe showed 
86.1% sensitivity and 76.2% specificity at a threshold 
of 34.7%, with an area under the curve (AUC) of 0.789 
(P<0.001). LASRe had a sensitivity of 63.9% and a 
specificity of 92.9% at a threshold of −3.8 s−1 (AUC of 
0.822, P<0.001). LAEs indicated a sensitivity of 83.3% 
and a specificity of 54.8% at a threshold of 46.5%, with 
an AUC of 0.722 (P=0.001).

Focusing on the left ventricle, LVLS at −15.4% 
manifested an AUC of 0.769, with 73.8% sensitivity 
and 77.8% specificity (P<0.001). LVCS at −20.2% re-
vealed an AUC of 0.832, with 66.7% sensitivity and 
88.9% specificity of (P<0.001). Last, RVLS at a cutoff of 
−17.3%, showed an AUC of 0.748, with 64.3% sensitiv-
ity and 83.3% specificity (P<0.001) (Table 6, Figure 4).

Additional Cardiac Parameters in 
Myocarditis and Controls

In our comprehensive analysis of cardiac function, we 
observed significant differences in standard cardiac 
parameters between the acute myocarditis group and 
the healthy controls. Specifically, noticeable differences 
(P<0.05) were identified in parameters, including LVEF, left 
ventricular end-systolic volume/BSA, LVED wall mass/
BSA, LAVpreac/BSA, right ventricular ejection fraction, 
total left atrial emptying fraction, and passive left atrial 
emptying fraction, when comparing the acute myocardi-
tis group and the healthy control group (Table 2). When 
comparing the acute myocarditis preserved EF group 
with the healthy control group, significant differences 
(P<0.05) emerged in LVED wall mass/BSA, LAVpreac/
BSA, and passive left atrial emptying fraction (Table 3).

Correlation and Reproducibility Analysis
Correlation Analysis

The relationship between LVCS and LASRe and car-
diac function parameters (LVEF, LVED wall mass/BSA) 
and laboratory markers (troponin I) was evaluated.

With Cardiac Function Parameters

Both LVCS and LASRe revealed negative correlations 
with LVEF: a moderate correlation (R=−0.512, P<0.001) 
was seen with LVCS, whereas LASRe demonstrated 
a weak correlation (R=−0.340, P=0.006). Moreover, 
LVCS and LASRe were positively correlated with LVED 
wall mass/BSA, displaying weak correlations (R=0.382, 
P=0.002 for LVCS; R=0.341, P=0.006 for LASRe).

With Laboratory Markers

LVCS and LASRe were positively correlated with tro-
ponin I, presenting moderate correlations (R=0.617, 
P<0.001 for LVCS; R=0.592, P<0.001 for LASRe) 
(Figure 5).
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Reproducibility Analysis

The strain parameters’ reproducibility was assessed 
using Bland-Altman analysis by computing the ICC, CI, 
and coefficient of variation for both intraobserver and 
interobserver measurements. The results are depicted 
in Table S3.

In terms of intraobserver reproducibility, ICC val-
ues ranged between 0.848 (RVLS) and 0.967 (LAEs), 
and coefficient of variation values extended from 
6.0% Right Atrial Total Strain (RAEs) to 16.1% (right 

ventricular circumferential strain), indicating solid 
consistency in repeated measurements by the same 
observer. As for interobserver reproducibility, ICC 
values varied from 0.739 (LASRs) to 0.925 Right Atrial 
Active Strain (RAEa), and coefficient of variation val-
ues were between 9.7% (LVCS, LASRe) and 19.3% 
(right ventricular circumferential strain, Right Atrial 
Peak Late Negative Strain Rate [RASRa]), suggesting 
satisfactory agreement between measurements from 
different observers (Figure 6).

Figure 3.  Comparative analysis of cardiac strain in healthy control and myocarditis with 
preserved ejection fraction (EF).
Case 1, representing the healthy control group, demonstrates standard levels of EF, left ventricular 
circumferential strain (LVCS), and left atrial peak early negative strain rate (LASRe), establishing a baseline 
for healthy myocardial function. In contrast, case 2, a patient with acute myocarditis with preserved EF 
(AMY-pEF), maintains normal EF levels but exhibits reduced LVCS and LASRe. Notably, the LASRe shows 
a marked decrease. This comparison underlines the significant myocardial strain differences observed 
in patients with myocarditis with preserved EF when compared with healthy individuals, despite similar 
EF readings.
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DISCUSSION
In this study, we validate myocardial strain as a key di-
agnostic indicator for acute myocarditis, highlighting its 
reliability across all cardiac chambers. Our data affirm 
its superiority over traditional functional parameters 
and reveal nuanced variations in strain between differ-
ent EF groups. These insights pave the way for more 
accurate myocarditis diagnosis and underscore the 
potential for tailored therapeutic strategies based on 
detailed myocardial strain analysis.

Sex Differences in Myocardial Strain 
Manifestations
In our study, the observed male predominance in my-
ocarditis aligns with existing literature,15 suggesting a 
biological underpinning for sex differences in disease 
incidence and severity. However, our findings indicate 
that alterations in myocardial strain, which reflect the 
mechanical changes within the myocardium attribut-
able to myocarditis, may not be significantly influenced 
by sex in the AMY and AMY-pEF groups. This obser-
vation contributes to the emerging understanding that 
myocardial strain metrics are critical indicators of myo-
cardial health and disease, although the small sample 
size, particularly in the AMY-rEF group, limits the con-
clusiveness regarding sex-specific impacts.

Acknowledging these limitations, we emphasize 
the need for future studies with larger cohorts to val-
idate our observations and provide a more granular 

understanding of the potential sex-specific pathophys-
iological mechanisms in myocarditis. Expanded re-
search efforts are essential not only for a deeper 
comprehension of myocarditis and its varied impacts 
on myocardial function across sexes but also for guid-
ing more personalized treatment approaches and 
improving overall patient outcomes.

Atrial Strain Parameter Alterations 
Attributable to Myocarditis Impact
Our findings show that left atrial reservoir function 
(LAEs), conduit function (LAEe), and LASRe are sig-
nificantly diminished in patients in the AMY-pEF group, 
similar to findings of Dick et al.18 During early diastole, 
both active and passive factors synergistically con-
tribute to ventricular dilation facilitating the majority 
of ventricular blood filling. However, in cases of early 
left ventricular diastolic dysfunction filling pressure in-
crease, the left atrial–left ventricular pressure gradient 
decreases, leading to reduced blood entry into the left 
ventricle and, consequently, left atrial conduit func-
tion is diminished. Abnormalities in LAEe and LASRe, 
which represent conduit function, may thus signal im-
paired left ventricular diastolic function. Studies have 
shown that left atrial strain parameters are more sensi-
tive and have more diagnostic efficacy compared with 
traditional left atrial geometric indexes.19,20 We found 
no statistical difference in maximum and minimum left 
atrial volumes compared with controls, as only atrial 
presystolic volumes could suggest impaired cardiac 

Figure 4.  Receiver operating characteristic (ROC) curve analysis for strain parameters in 
myocarditis with preserved ejection fraction (EF).
This figure presents the ROC curves assessing the diagnostic performance of atrial and ventricular 
strain measurements in differentiating patients with preserved EF myocarditis from healthy controls. The 
area under the curve (AUC) values for each parameter are shown, indicating their respective predictive 
accuracies. Analysis based on atrial (A) and ventricular (B) strain parameters. LAEe indicates left atrial 
passive strain; LAEs, left atrial strain (summation of passive and active strain); LASRe, left atrial systolic 
reservoir strain rate; LVCS, left ventricular circumferential strain; LVLS, left ventricular longitudinal strain; 
and RVLS, right ventricular longitudinal strain.
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function, suggesting that impaired left atrial conduit 
function could serve as a marker of left ventricular di-
astolic dysfunction. As noted by Kim et al21: CMR left 
atrial strain measurements are linear in diastolic func-
tion assessment and vary progressively with diastolic 
function severity; longitudinal left atrial strain is more 
diagnostically useful compared with left atrial geom-
etry assessment in diagnosis and grading severity of 
diastolic dysfunction. In our study, the most effective 
strain parameter was LASRe, with sensitivity of 63.9% 
and specificity of 92.9% for diagnosis of cardiac dys-
function in myocarditis at threshold value of −3.8 s−1 
(Table 6).

Left Ventricle Strain Parameter Alterations 
Attributable to Myocarditis Impact
In assessing the changes in left ventricular strain during 
myocarditis, our study emphasizes LVCS as a crucial 
diagnostic marker. This finding aligns with existing lit-
erature.4,22,23 Specifically, LVCS demonstrated excep-
tional diagnostic efficacy, with an area under the ROC 
curve of 0.832, and a sensitivity and a specificity of 

66.7% and 88.9% at a threshold of −20.2%, indicating 
the reliability of myocardial strain assessed via CMR for 
functional assessment.

In our study, we observed a significant reduction in 
LVLS in patients with acute myocarditis, which aligns 
with prior research.23,24 This reduction in LVLS can be 
attributed to pathologic and physiological changes 
in myocardial cells attributable to inflammation, such 
as edema, degeneration, necrosis, and exudation. 
These alterations potentially lead to impaired myocar-
dial cell contractility, manifesting as a decrease in LS. 
Literature25,26 has reported the association of LVLS 
with the prognosis of myocarditis, suggesting its im-
portance as a prognostic marker. LVLS could predict 
cardiac function recovery and might serve as a novel 
biomarker for enhancing risk stratification in myocardi-
tis. This finding underscores the significance of LVLS 
as a critical indicator, not only in the diagnosis but also 
in the prognostic assessment of myocarditis. Given 
these insights, our future research endeavors will 

Table 2.  Comparative Analysis of Cardiac Function 
Parameters Between the Control Group and the AMY 
Group

Parameter
Control group 
(n=25)

AMY group 
(n=65)

Height, cm 168±8 171±7

Weight, kg 66±12 73±13

Heart rate, bpm 73±7 73±8

LVEF, % 64±5 57±6**

LVED volume/BSA, mL/m2 77±10 81±8

LVES volume/BSA, mL/m2 29±6 34±8*

LVED wall mass/BSA, [g/m2 
(without papillary muscles)

43±7 51±8**

RVEF, % 63±5 55±7**

RVED volume/BSA, mL/m2 82±10 78±17

RVES volume/BSA, mL/m2 37±7 43±10

RVSV/BSA 45±6 39±9

LAVmax/BSA 36±5 37±7

LAVpreac/BSA 17±4 22±6**

LAVmin/BSA 11±2 13±5

LAEFtotal, % 70±3 64±7**

LAEFpassive, % 53±7 40±8***

LAEFbooster, % 35±12 40±8

Data are presented as mean±SD. AMY indicates acute myocarditis; 
bpm, beats per minute; BSA, body surface area; LAEFbooster, active left 
atrial emptying fraction; LAEFpassive, passive left atrial emptying fraction; 
LAEFtotal, total left atrial emptying fraction; LAVmax, maximum left atrial 
volume; LAVmin, minimum left atrial volume; LAVpreac, left atrial volume 
preatrial contraction; LVED, left ventricular end diastolic; LVEF, left ventricular 
ejection fraction; LVES, left ventricular end systolic; RVED, right ventricular 
end diastolic; RVEF, right ventricular ejection fraction; and RVES, right 
ventricular end systolic; RVSV, right ventricle stroke volume.

*P<0.05.
**P<0.01.
***P<0.001.

Table 3.  Comparative Analysis of Cardiac Function 
Parameters Between the Control Group and the AMY-pEF 
Group

Parameter
Control group 
(n=25)

AMY-pEF 
group (n=48)

Age, y 29±4 28±8

Height, cm 168±8 172±7

Weight, kg 66±12 71±12

Heart rate, bpm 73±7 73±9

LVEF, % 64±5 61±4

LVED volume/BSA, mL/m2 77±10 79±8

LVES volume/BSA, mL/m2 29±6 30±5

LVED wall mass/BSA, g/m2 
(without papillary muscles)

43±7 49±5*

RVEF, % 63±5 59±7**

RVED volume/BSA, mL/m2 82±10 79±16

RVES volume/BSA, mL/m2 37±7 42±9

RVSV/BSA 45±6 39±9

LAVmax/BSA 36±5 37±6

LAVpreac/BSA 17±4 22±2*

LAVmin/BSA 11±2 12±3

LAEFtotal, % 70±3 67±5

LAEFpassive, % 53±7 42±7**

LAEFbooster, % 35±12 42±6

Data are presented as mean±SD. AMY-pEF indicates acute myocarditis 
with preserved ejection fraction; bpm, beats per minute; BSA, body surface 
area; LAEFbooster, active left atrial emptying fraction; LAEFpassive, passive 
left atrial emptying fraction; LAEFtotal, total left atrial emptying fraction; 
LAVmax, maximum left atrial volume; LAVmin, minimum left atrial volume; 
LAVpreac, left atrial volume preatrial contraction; LVED, left ventricular end 
diastolic; LVEF, left ventricular ejection fraction; LVES, left ventricular end 
systolic; RVED, right ventricular end diastolic; RVEF, right ventricular ejection 
fraction; and RVES, right ventricular end systolic; RVSV, right ventricle stroke 
volume.

*P<0.05.
**P<0.01.
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continue to investigate the role of LVLS and other strain 
parameters in myocarditis, aiming to improve clinical 
outcomes and provide a deeper understanding of this 
condition.

Interestingly, we did not observe a statistically signifi-
cant decrease in radial strain in both the AMY group and 
the AMY-pEF subgroup, whereas noteworthy reduc-
tion in AMY-rEF subgroup was observed, suggesting a 
complex interplay of pathologic processes at different 
myocardial layers. This indicates that myocarditis has 
not progressed to a severity level affecting the endocar-
dium. We believe that this observation prompts a deeper 
exploration of how pathologic changes at different myo-
cardial layers affect myocardial strain in future research.

The findings from Secchi et  al27 and Lee et  al28 
provide a contrasting perspective to our study’s re-
sults. Secchi et al observed a significant reduction in 

global RS in patients with preserved EF; Lee et  al’s 
segmented approach demonstrated a reduction in 
RS in both the midsection of the left ventricular short 
axis and the long-axis view of the bichamber heart. 
Our study’s differing results, with no significant de-
crease in RS observed in the EF-preserved group, 
might reflect the diverse nature of myocarditis and its 
impact on the myocardium. The results underscore 
the importance of considering the method used for 
strain assessment, global versus segmental, and the 
specific patient population when interpreting strain 
data. This divergence in findings also emphasizes 
the need for further research to understand the im-
plications of these differences and to establish a 
more comprehensive understanding of myocardial 
strain alterations in myocarditis. Such research could 
lead to more nuanced diagnostic criteria and tailored 

Table 4.  Comparative Analysis of Atrial Strain Parameters in AMY

Variable
Control 
group

AMY 
group P value AMY-pEF AMY-rEF

Control vs 
AMY-pEF

Control vs 
AMY-rEF

AMY-pEF vs 
AMY-rEF

LA longitudinal 
strain, %

Es 54.1±8.3 42.9±11.2 0.005** 45.3±12.1 39.9±10.0 0.042* 0.007** 0.245

Ee 39.6±5.9 29.5±9.0 0.001** 32.0±8.9 24.4±7.6 0.017* 0.000*** 0.043*

Ea 18.7±3.8 16.9±5.5 0.264 16.4±5.5 17.7±5.9 0.258 0.678 0.587

LA longitudinal 
strain SR, s−1

SRs 2.9±0.6 2.3±0.7 0.012* 2.4±0.7 2.0±0.5 0.073 0.005** 0.134

SRe −4.1±0.8 −2.8±0.9 0.000*** −3.0±0.7 −2.4±1.0 0.002** 0.000*** 0.132

SRa −2.9±0.4 −2.7±0.5 0.149 −2.8±0.4 −2.4±0.5 0.523 0.034* 0.094

RA longitudinal 
strain, %

Es 57.2±19.9 45.8±15.3 0.102 46.4±15.0 44.6±16.9 0.123 0.137 0.827

Ee 44.3±15.0 35.3±9.4 0.059 37.8±6.9 27.6±9.4 0.162 0.004** 0.052

Ea 14.7±5.4 14.7±8.5 0.978 12.5±6.8 19.0±10.4 0.435 0.221 0.060

RA longitudinal 
strain SR, s−1

SRs 3.1±1.2 2.6±1.0 0.230 2.5±0.8 2.8±1.3 0.159 0.565 0.534

SRe −3.2±1.4 −2.5±1.1 0.166 −2.8±1.0 −2.0±1.0 0.379 0.044* 0.170

SRa −2.3±0.7 −2.0±1.0 0.418 −1.9±1.0 −2.3±1.1 0.290 0.935 0.325

Data are presented as mean±SD. AMY indicates acute myocarditis; AMY-pEF, AMY with preserved ejection fraction; AMY-rEF, AMY with reduced ejection 
fraction; Ea, active strain; Ee, passive strain; Es, total strain (sum of Ee and Ea); LA, left atrial; RA, right atrial; SR, strain rate; SRa, peak late negative SR; SRe, 
peak early negative SR; and SRs, peak positive SR.

*P<0.05.
**P<0.01.
***P<0.001.

Table 5.  Comparative Analysis of Ventricular Strain Parameters in AMY

Parameters Control group AMY group P value AMY-pEF AMY-rEF
Control vs 
AMY-pEF

Control vs 
AMY-rEF

AMY-pEF vs 
AMY-rEF

LVLS, % −16.4±1.4 −13.9±2.8 0.002** −14.3±3.3 −13.0±1.4 0.033* 0.005** 0.229

LVRS, % 37.2±2.9 32.4±7.1 0.053 34.1±7.4 29.2±5.9 0.231 0.013* 0.105

LVCS, % −22.4±1.3 −20.0±2.0 0.000*** −20.7±1.7 −18.7±2.2 0.013* 0.000*** 0.016*

RVLS, % −19.9±3.5 −16.0±3.4 0.013* −16.2±3.6 −15.5±3.3 0.022* 0.046* 0.742

RVRS, % 26.3±5.9 21.2±7.6 0.039* 24.3±7.4 14.9±2.5 0.410 0.000*** 0.002**

RVCS, % −12.9±4.7 −10.5±4.3 0.207 −10.9±4.6 −8.6±1.2 0.304 0.234 0.526

Data are presented as mean±SD. AMY indicates acute myocarditis; AMY-pEF, AMY with preserved ejection fraction; AMY-rEF, AMY with reduced ejection 
fraction; LVCS, left ventricular circumferential strain; LVLS, left ventricular longitudinal strain; LVRS, left ventricular radial strain; RVCS, right ventricular 
circumferential strain; RVLS, right ventricular longitudinal strain; and RVRS, right ventricular radial strain.

*P<0.05.
**P<0.01.
***P<0.001.
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treatment strategies based on the specific pattern of 
myocardial involvement.

Right Ventricle Strain Parameter 
Alterations Attributable to Myocarditis 
Impact
Our study delves deep into the nuances of RVLS 
and RVRS in myocarditis, shedding light on an area 
that has historically received less attention compared 
with the left heart. Specifically, the marked reduction 
in RVRS in the reduced LVEF subgroup signals more 
extensive myocardial damage. This observation cor-
responds with previous findings associating reduced 

right ventricular function with more severe disease in 
various cardiac conditions.29,30

Furthermore, our observation of diminished RVLS in 
patients with preserved EF provides an additional per-
spective compared with some earlier studies. Although 
Baeßler et  al31 noted an increase in right ventricular 
basal CS in a similar cohort, it is important to recog-
nize that the differences in our findings might not repre-
sent a direct contradiction but rather reflect the distinct 
methods used in assessing right ventricular strain. Our 
study focused on a global assessment of right ven-
tricular strain, which may capture a different aspect 
of myocardial function compared with the localized 
measurement of basal CS. This difference highlights 

Table 6.  ROC Curve Analysis for Discriminating AMY-pEF Cases

Parameter AUC Cutoff Sensitivity Specificity P value

LAEe 0.789 34.7 0.861 0.762 <0.001

LAEs 0.722 46.5 0.833 0.548 0.001

LASRe 0.822 −3.8 0.639 0.929 <0.001

LVLS 0.769 −15.4 0.738 0.778 <0.001

LVCS 0.832 −20.2 0.667 0.889 <0.001

RVLS 0.748 −17.3 0.643 0.833 <0.001

AMY-pEF indicates acute myocarditis with preserved ejection fraction; AUC, area under the curve; LAEe, left atrial passive strain; LASRs, left atrial peak 
positive strain rate; LASRe, left atrial peak early negative strain rate; LVCS, left ventricular circumferential strain; LVLS, left ventricular longitudinal strain; ROC, 
receiver operating characteristic; and RVLS, right ventricular longitudinal strain.

Figure 5.  Correlation between strain parameters and cardiac functional biomarkers.
This figure illustrates the relationships between cardiac strain measurements and various indicators of cardiac function. Scatterplots 
depict the following correlations: left ventricular circumferential strain (LVCS) and left ventricular ejection fraction (LVEF) (A), left atrial 
systolic reservoir strain rate (LASRe) and LVEF (B), LVCS and left ventricular end-diastolic (LVED) wall mass (C), LASRe and LVED wall 
mass (D), LVCS and troponin I (TnI) (E), and LASRe and TnI (F).
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the necessity for careful consideration of measurement 
techniques when interpreting and comparing results 
across studies. Therefore, we advocate for a nuanced 
understanding of myocardial strain patterns in myocar-
ditis and support a tailored approach that accounts for 
the unique characteristics of each patient subgroup, as 
well as the specific methods used in strain assessment.

Strain Parameters as Diagnostic Markers 
in EF-Preserved Myocarditis
Our study highlights the significant diagnostic potential 
of strain parameters, especially for patients with myo-
carditis with preserved EF. Traditional cardiac function 
assessments often miss subtle damage in these pa-
tients, emphasizing the need for sensitive tools, like 
strain analysis. Our ROC curve analysis, detailed in 
Table  6, demonstrates the ability of parameters, like 
LVCS and LASRe, to differentiate patients with myo-
carditis from healthy controls, even when EF is normal.

In a detailed case comparison in Figure  3, 1 pa-
tient with acute myocarditis and preserved EF exhib-
ited significantly lower strain measurements (LVCS at 
−20.3% and LASRe at −3.2 s−1) than a healthy control 
(LVCS at −23.0% and LASRe at −4.6 s−1), potentially 
leading to earlier intervention and improved outcome. 
This discrepancy persisted despite the patient’s nor-
mal EF, emphasizing the additional diagnostic value 

of myocardial strain parameters. Such individual case 
analyses underscore the potential of strain analysis to 
increase the diagnostic sensitivity for myocarditis, par-
ticularly in patients with preserved EF, potentially lead-
ing to early intervention and improved outcomes.

Our ROC curve analysis further revealed that myo-
cardial strain parameters could serve as reliable diag-
nostic markers for myocarditis, even in patients with 
preserved EF. Specifically, the analysis demonstrated 
high AUC values for LAEe, LAEs, LASRe, LVLS, LVCS, 
and RVLS, suggesting that these parameters could 
distinguish patients with myocarditis from healthy con-
trols with reasonable accuracy.

The pronounced AUC value for LAEe, LAEs, and 
LASRe highlights the potential importance of left atrial 
function in myocarditis, which aligns with existing literature 
emphasizing the prognostic significance of left atrial strain 
in various cardiac conditions.32,33 In line with previous 
studies, our findings underscore the diagnostic utility of 
LVLS and LVCS, suggesting they provide a more intricate 
assessment of left ventricular function than EF alone.34,35 
Moreover, the notable performance of RVLS further em-
phasizes the importance of right ventricular function in 
myocarditis, which aligns with research that recognizes 
the prognostic value of right ventricular strain.36,37

Therefore, the diagnostic potential of strain parameters, 
as shown in our study, suggest that comprehensive strain 
analysis could enhance our understanding of myocarditis, 

Figure 6.  Bland-Altman plots for intraobserver and interobserver reproducibility of left atrial peak early diastolic negative 
strain rate (LASRe) and left ventricular circumferential strain (LVCS).
The plots demonstrate high levels of reproducibility for LASRe and LVCS measurements among different observers and the same 
observer over time.
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even in patients presenting with preserved EF. This ap-
proach might facilitate earlier detection and intervention, 
improving patient outcomes. Nonetheless, broader valida-
tion of these insights and a more comprehensive explora-
tion of strain analysis’s role in myocarditis with preserved 
EF are imperative for future research endeavors.

Correlation Analysis of Strain Parameters 
With Cardiac Function Parameters and 
Laboratory Markers
In our study, patients with acute myocarditis with pre-
served EF showed alterations in LVED wall mass/BSA 
and LAVpreac/BSA, indicating early cardiac function 
impairment. Notably, a significant yet weak negative 
correlation was observed between LASRe and LVEF, 
with a more pronounced negative correlation between 
LVCS and LVEF. These findings suggest that even with 
a preserved EF, subtle myocardial impairments are de-
tectable through strain parameters.

Furthermore, the correlations between strain parame-
ters (LVCS, LASRe) and cardiac enzyme marker troponin 
I underscore their potential in reflecting myocardial dam-
age and their promise for future diagnostic and prognos-
tic applications in myocarditis. Although troponin I’s role in 
prognosis remains to be fully understood,38–40 its strong 
correlation with LVCS and LASRe highlights the utility of 
these strain parameters in complementing traditional car-
diac function assessments and laboratory markers.

Reliability of Strain Parameter 
Measurements
Our reproducibility analysis, detailed in Table S3, confirms 
the reliability of strain parameter measurements. The in-
traobserver ICC values exceeded 0.8, demonstrating high 
consistency in strain measurements by the same observer, 
which is consistent with prior studies.41,42 Despite slightly 
lower interobserver ICC values, they remained substantially 
above 0.7, indicating good agreement between different 
observers. Both intraobserver and interobserver coef-
ficient of variation values were within acceptable ranges, 
reinforcing the dependability of these assessments.

These findings underscore the reliability of CMR-FT–
based strain measurements, crucial for their applica-
tion in clinical practice for diagnosing and monitoring 
myocarditis.

Limitations
Although our study provides valuable insights into my-
ocardial strain parameters in myocarditis, it is impor-
tant to consider its limitations in the context of further 
research opportunities:

	 1.	 Sample size and setting: Our findings are based 
on a limited sample from a single center. Larger, 

multicenter studies are needed to confirm these 
results and enhance their generalizability to 
different populations.

	 2.	 CMR-FT software dependence: We used 
Cardiovascular Imaging42 postprocessing soft-
ware for CMR-FT, which, although standard, 
may yield different results compared with other 
software. Future studies comparing multiple soft-
ware platforms could provide broader insights.

	 3.	 Sex-specific impacts: Although our study sug-
gests myocardial strain alterations may not be 
significantly influenced by sex in certain myocar-
ditis groups, larger studies are necessary to fully 
understand the sex-specific pathophysiological 
mechanisms in myocarditis.

CONCLUSIONS
Our investigation into myocardial strain via CMR-FT 
marks a significant step in understanding and diag-
nosing myocarditis, especially in cases with preserved 
EF. We have uncovered that despite normal traditional 
measures, myocarditis can manifest as significant my-
ocardial changes, which CMR-FT can detect early and 
accurately. This is particularly critical in patients with 
preserved EF, in whom traditional diagnostics might 
miss subtle yet impactful alterations.
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