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ARTICLE INFO ABSTRACT
Keywords: Aims: To assess the prognostic value of LL criteria in AM.
Acute myocarditis Methods: 257 consecutive hemodynamically stable patients fulfilling updated LL criteria for diagnosis of clini-

Lake Louise criteria

; . cally suspected AM (presenting with chest pain, troponin raise and no obstructive coronary artery) were enrolled.
Cardiovascular magnetic resonance

CMR imaging was performed using 1.5-T scanners following Updated LL criteria. Patients were divided into two
groups accordingly to the combination of LL criteria: those with AM diagnosis made using the “original” LL
Criteria (DOC), who exhibited both myocardial edema on T2-STIR images and non-ischemic late gadolinium
enhancement (LGE), and those in whom diagnosis requiring at least one “mapping” Criteria (DMC) group, where
the diagnosis was made either solely on the basis of mapping criteria (T2 + T1 and/or ECV) or by combination of
only one original plus >1 mapping criterion. Cardiac death, resuscitated cardiac arrest, appropriate implantable
cardioverter-defibrillator (ICD) shock, heart failure hospitalization and myocarditis recurrence were considered
as cardiac events during the follow-up.

Results: Final population included 210 patients. During a median follow-up of 57 months, cardiac events were
recorded in 31 patients, all of them occurred in the DOC group and none in DMC group. The Kaplan-Meier curves
analysis showed that DOC group (p < 0.0001), LGE presence (particularly if midwall-septal/ring-like pattern, p
< 0.0001) and a higher number of LL criteria (p = 0.0002) were associated with worse prognosis. At multivariate
analysis the number of LL criteria, DOC and midwall septal/ring-like LGE pattern were confirmed to be inde-
pendent predictors of major cardiac events.

Conclusions: In patients with hemodynamically stable AM, conventional LL criteria including edema at T2-STIR
and positive LGE provide significant prognostic information, while mapping criteria had a limited role.

Abbreviations: AM, Acute myocarditis; CMR, Cardiovascular magnetic resonance; LL, Lake Louise; DOC, Diagnosis using original criteria; DMC, Diagnosis using
mapping criteria; LGE, Late gadolinium enhancement; ICD, Implantable cardioverter-defibrillator; EF, Ejection fraction; LV, Left ventricular; EDV, End-diastolic
volume; ESV, End-systolic volume; WMSI, Wall motion score index; T2w, T2-weighted; T2-STIR, T2 short tau inversion recovery; ECV, Extracellular volume; NYHA,
New York heart association; CRP, C-reactive protein; ESR, Erythrocyte sedimentation rate; VT, Ventricular tachycardia; EMB, Endomyocardial biopsy; SCMR, Society
for Cardiovascular Magnetic Resonance; MOLLI, Modified look-locker inversion recovery.
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1. Introduction

Acute myocarditis (AM) is defined as an acute inflammation of
myocardial tissue, frequently caused by viral infection or direct myocyte
insult [1]. AM covers a broad spectrum of clinical presentations, ranging
from uncomplicated myocarditis to severe cardiogenic shock or life-
treating ventricular arrhythmias. However, patients with AM and
normal or mild-reduced left ventricular ejection fraction (LVEF) gener-
ally have a low risk of adverse cardiac events at follow-up [2-4]. Car-
diovascular Magnetic Resonance (CMR) ranks as the main non-invasive
imaging technique for the diagnosis of AM in hemodynamically stable
patients [5]. The 2018 Lake Louise (LL) criteria show high sensitivity for
diagnosing AM [6]. LL were 2 out of 2 criteria including a T2-based
criterion (increase in T2 relaxation time or increased signal intensity
in T2-weighted [T2w] sequences) and a T1-based criterion (increase in
T1 relaxation time, non-ischemic LGE pattern or increased extracellular
volume [ECV]). The prognostic role of a positive LGE was demonstrated
in patients with endomyocardial biopsy proven myocarditis [7] and the
midwall-septal or ring-like distribution of LGE was associated with
adverse events even in AM with preserved left ventricular ejection
fraction (LV EF) [3]. However, the prognostic role of mapping criteria
(T1, T2 and ECV) and of the different combinations of LL criteria was not
previously indagated. The aim of our study was to evaluate prognostic
role of LL criteria in patients presenting with uncomplicated AM, and to
compare the prognosis of patients where diagnosis was made using
“original” LL criteria, edema on T2-STIR plus non-ischemic LGE, (DOC
group), with those in whom diagnosis was performed requiring at least
one “mapping” criterion (DMC).

2. Methods

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

257 consecutive patients with a clinically suspected AM with infarct-
like presentation were enrolled in six high-volume centers. For the
diagnosis of AM, we applied the diagnostic algorithm of the European
Society of Cardiology guidelines [4,6]. Briefly, clinically suspected AM
was diagnosed when symptomatic patients with chest pain (pericardial
or pseudo-ischemic pain) fulfilled 1 or more diagnostic criteria (new
electrocardiographic [ECG] modification, elevated troponin, wall mo-
tion abnormalities with preserved LVEF at echocardiography) or in
asymptomatic patients with 2 or more diagnostic criteria. A definite
diagnosis of AM was then made in the event of contemporary 2 CMR
Lake Louise criteria, one T1-based (high signal intensity with non-
ischemic pattern in LGE images, increased T1 myocardial relaxation
time in dedicated mapping sequences or ECV) and the other T2-based
(signal intensity ratio between myocardium and skeletal muscle >2.0
in T2w or increased myocardial T2 relaxation time in dedicated map-
ping sequences).

Patients presenting with heart failure or arrhythmic events, severely
impaired systolic function (EF <30 %), and hemodynamic instability
were excluded (Fig. 1).

Endomyocardial biopsy was performed based on clinical decision. To
exclude obstructive coronary artery disease, coronary artery angiog-
raphy was performed on all patients. At hospital admission, all patients
underwent clinical evaluation and laboratory testing, including leuko-
cytes, C-reactive protein (CRP), erythrocyte sedimentation rate (ESR),
and troponin T monitoring. Informed consent was obtained from all
patients at the time of CMR examination.

This study was approved by the institutional review board, and each
patient signed an informed consent.

2.1. CMR acquisition protocol

CMR imaging was performed with 1.5-T systems using dedicated
cardiac software, phased-array surface receiver coils, and
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vectocardiogram triggering. According to the protocols recommended
by the Society for Cardiovascular Magnetic Resonance (SCMR), cine
steady-state free precession (cine-SSFP) images, T2-Short Tau Inversion
Recovery (T2-STIR) imaging, and LGE at 10 min after gadolinium in-
jection in the short-axis (9 to 13 images covering the entire LV), 2-cham-
ber, and 4-chamber views were acquired. Short-axis cine-SSFP images
were acquired immediately after gadolinium injection. MOdified Look-
Locker Inversion Recovery (MOLLI) sequence were acquired for T1
mapping evaluation during systole subject to heart rate. MOLLI method
with 5(3)3 protocol where 5 images are acquired in consecutive heart
beats after the first IR, then a recovery period of 3 heart beats intervals,
and, finally, a new IR is followed by the acquisition of 3 other images.

MOLLI short-axis images (3 covering basal, mid and apical LV seg-
ments) were performed before gadolinium administration and 15 min
after to acquire native and contrast-enhanced T1 mapping, respectively.
Hematocrit was measured within 24 h before the scan. ECV was calcu-
lated starting from native and contrast-enhanced T1 values of blood pool
and myocardium as well as patient’s hematocrit.

Two main different types of T2 mapping sequences were used among
centers: dark-blood turbo spin-echo (MultiEcho SpinEcho - MESE) and
bright-blood T2-preparation pulse-based sequences (SSFP T2 prep).
Short-axis images (3 covering basal, mid and apical LV segments) were
performed to acquire T2 mapping.

2.2. CMR analysis

All CMR studies were analyzed off-line using a workstation with
dedicated cardiac software (CVi 42, Circle Software) with consensus
among 2 experienced observers (EACVI Level 3 certified) who were
blinded to the clinical presentation. To evaluate LV global and regional
function and calculate LV mass, the endocardial and epicardial borders

patients with definite diagnosis of Acute Myocarditis

n
n =  excluded for arrhythmic presentation
n =  excluded for hemodynamic instability

patients with Acute Myocarditis and LVEF = 30%

n = excluded for sub-optimal images*

n= patients included in the analysis

Fig. 1. Study flowchart. Of 257 consecutive patients with clinically suspected
infarct-like acute myocarditis who underwent CMR, 210 with preserved LVEF
fulfilled updated Lake Louise criteria and comprised the study cohort. Key ex-
clusions included alternative diagnoses (e.g., MINOCA, n = 8; biventricular
fatty replacement, n = 3) and non-diagnostic image quality (T2-STIR n = 6, T1/
T2 mapping n = 5, LGE n = 1). The final cohort was classified as DOC (n = 142)
or DMC (n = 68) based on the criteria used for diagnosis. Abbreviations: CMR,
cardiac magnetic resonance; LGE, late gadolinium enhancement; LVEF, left
ventricular ejection fraction; LL, Lake Louise; MINOCA, myocardial infarction
with non-obstructive coronary arteries; DOC, diagnosis by original LL criteria
(non-ischemic LGE with/without T2-weighted edema); DMC, diagnosis
requiring >1 mapping criterion (T2 and/or T1/ECV).
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were manually drawn in the end-diastolic and end-systolic short-axis
cine-SSFP images. Papillary muscles and trabeculae were not included in
the myocardium. LV end-diastolic volume (EDV), LV end-systolic vol-
ume, LVEF, and LV mass were determined.

On T2w images, edema was qualitatively evaluated and considered
present when the ratio of signal intensity between the myocardium and
the mean signal intensity of the skeletal muscle was >2 [8]. LGE was
qualitatively evaluated and manifested as a nonischemic distribution
and classified in 4 patterns: subepicardial, midwall, ring-like enhance-
ment and other [3,9,10]. Myocardial hyperemia was evaluated as pre-
viously reported [3]. Particularly, LGE pattern was defined as ringlike if
there were at least 3 contiguous segments with subepicardial/mid-
myocardial LGE in the same short-axis slice; [11] while septal LGE was
defined as a mid-wall, stripe-like LGE involving at least the anterior
septal segments (according to the 17-segment AHA model). [9] For
prognostic analysis, septal and ring-like patterns were considered
together as a single high-risk subgroup (“midwall-septal/ring-like
LGE”), based on previous evidence demonstrating similar adverse
prognostic implications for both patterns in myocarditis.

Additionally, native T1 mapping was calculated by reconstructing
maps for each individual slice of the three acquired pre-contrast images.
Subsequently, the endocardial and epicardial borders were manually
delineated and a 10 % off-set was used to avoid the interface with the
ventricular cavity. A positive T1 mapping was considered when native
T1 value was higher than the center-specific normality threshold (based
on a sample of at least 100 healthy subjects) in at least 10 contiguous
pixels [6] The age- and sex-derived normality ranges of T1 for MR ma-
chine were previously published [12].

The same approach was utilized for T1 mapping images acquired
post-contrast. Global and regional ECV was calculated, following the
recommendations of the SCMR, using the pre- and post-contrast T1
values of the myocardium and blood, corrected for the patient’s
hematocrit.

T2 mapping was analyzed as suggested by SCMR in a similar way of
T1 mapping. T2 mapping was considered positive when T2 was higher
than center-specific threshold (as T1, based on a sample of at least 100
healthy subjects) in at least 10 contiguous pixels [6,13].

2.3. Patient classification

The 2018 updated LL criteria include the combination of edema at
T2-STIR and positive LGE that fulfilled also the original LL criteria [14].
Based on this consideration, patients were subdivided in 2 group: 1)
DOC group, including patients with diagnosis performed by the com-
bination of 2 “original” criteria (edema at T2-STIR plus non-ischemic
LGE), independently from the presence of mapping criteria; 2) DMC
group, those in whom diagnosis was performed requiring at least one
“mapping” criteria, where the diagnosis was made either solely on the
basis of mapping criteria (T2 + T1 and/or ECV) or by combination of
only one original plus >1 mapping criterion.

2.4. Clinical follow-up

After the CMR examination, follow-up was performed for all pa-
tients. A clinical questionnaire was compiled by a clinical physician
during periodic ambulatory controls in each hospital, by contacting the
patients’ relatives by telephone, by a general practitioner, or by
consulting the office of vital statistics at a patient’s place of residence.
The clinical questionnaire included the definition of the following car-
diac events: cardiac death, resuscitated cardiac arrest, appropriate
implantable cardioverter-defibrillator (ICD) shock or antitachycardia
pacing (ATP), heart failure hospitalization and myocarditis recurrence.
Recurrent myocarditis required new chest pain and/or arrhythmic
symptoms plus troponin elevation (>99th percentile) and supportive
evidence (new ECG changes and/or CMR consistent with acute
myocarditis) after >30 days from the index event and after exclusion of
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obstructive coronary artery disease (CAD). A complete analysis of the
ICD was performed by the referring physician to confirm the appropri-
ateness of the shock. These events were treated as a composite endpoint.

2.5. Statistical analysis

Values are presented as the mean + SD or as the median (inter-
quartile range [IQR]) for variables with normal and non-normal distri-
butions, respectively. Values with non-normal distribution according to
the Kolmogorov-Smirnov test were logarithmically transformed for
parametric analysis. Qualitative data are expressed as percentages.
Categorical variables were compared by the chi-square test or the Fisher
exact-test when appropriate. Continuous variables were compared by
the Student independent t-test and analysis of variance or by the Wil-
coxon nonparametric test when appropriate. The primary analysis was
time-to-first MACE (Kaplan-Meier; Cox with Firth’s penalization). The
Kaplan-Meier time-to-event method was used to calculate and compare
longitudinal curves among groups. A penalized Cox regression analysis
was used to explore the impact of each significant variable in univariate
analysis to predict the occurrence of cardiac events evaluated as a
combined endpoint (cardiac death, appropriate ICD shock, resuscitated
cardiac arrest, hospitalization for heart failure and myocarditis recur-
rence). Two separate multivariable models were generated to avoid the
risk of significant multicollinearity, as both LGE presence and edema on
T2-STIR are already included in the DOC, increasing the potential for
multicollinearity. A p value lower than 0.05 was considered statistically
significant.

3. Results

The final population included 210 patients (164 males, median age
42 [22-55] years). Baseline characteristics of the entire population are
summarized in Table 1. The population was composed of young adults
with a low prevalence of risk factors for coronary heart disease. Chest
pain was reported by every patient, and fever was present in 98 (46 %) of
them. All patients were in New York Heart Association (NYHA) func-
tional class I. 145 (69 %) of patient presented with a ST elevation, while
the other 65 (31 %) showed negative T waves. Increased troponin T was
found in all patients.

Coronary artery angiography was performed in all patients, who all
documented no obstructive coronary artery disease. The definite diag-
nosis of AM was made using endomyocardial biopsy in 3 patients (1.4 %)
with only 1 tissue abnormality in CMR.

3.1. Lake Louise criteria diagnosis and classification

In Table 2 are reported CMR parameters. Among the T2-based
criteria, 150 patients (71 %) had signs of myocardial edema in
T2-STIR images and 193 (91 %) a positive T2 mapping: 136 had both
edema in T2-STIR and positive T2 mapping, 60 had only positive T2
mapping and 14 only positive T2-STIR. Among T1-based criteria, a non-
ischemic myocardial enhancement at LGE images was present in 162
(77 %), while a positive native T1 mapping in 128 (61 %) and an
increased ECV value was detected in 58 (28 %). Overall, 80 patients had
both positive LGE and T1 mapping, 82 only LGE and 48 only mapping.

Population was reclassified based on the presence of the original LL
criteria: in 142 patients (68 %) the 2 original criteria were satisfied (DOC
group). In the remaining 68 patients (32 %) the diagnosis was made by
combination of only mapping parameters or by the combination of only
1 conventional feature (edema T2w or LGE) plus >1 mapping criteria
(DMC group).

Four main distribution patterns of LGE were found as shown in
Table 2. All these 12 patients having a ring-like LGE pattern had also the
involvement of the midwall septum, so they were considered as a single
group (Midwall Septal/ Ring-like pattern).

In Table 3 are shown the different combinations of original and
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Table 1
Baseline characteristics of the study population.

Characteristic N =210

Males, n(%) 164 (78 %)

Age, yrs 42 (22-55)
Weight, kg 73 £ 15
Height, cm 171 £ 10
Risk factors

Hypertension 6 (3 %)
Hypercholesterolemia 1 (0.5 %)
Diabetes mellitus 1 (0.5 %)
Smoking 11 (5.2 %)
Family history of CAD 13 (6 %)

Clinical presentation

Chest pain 210 (100 %)

Fever (2 weeks from symptoms onset) 98 (46 %)
Pericardial effusion 35 (17 %)
ECG ST-T abnormalities 210 (100 %)
ECG negative T 65 (31 %)

ECG ST elevation
Coronary artery angiography

145 (69 %)
210 (100 %)

Endomyocardial biopsy 3(1.4%)
Laboratory test

WBC, 10°cells/m? 9.7 +4

ESR, mm/h 12 (1-28)
CRP, ng/ml 6 (2-24)
Elevated troponin 210 (100 %)
hsTn peak 391 (78-960)

CAD: Coronary Artery Disease; WBC: White Blood Cells; ESR: erythrocyte
sedimentation rate; CRP: C Reactive Protein; hsTn: high-sensitivity troponin.

updated LL criteria in this population.

3.2. Clinical follow-up

During the median follow-up of 57 months (25th - 75th: 42-71), the
combined endpoint occurred in 31 patients: 13 with myocarditis
recurrence, 4 with appropriated ICD interventions, 4 with sustained VT,
and 10 hospitalizations for heart failure. ICDs were inserted in 6 patients
(2 patients for episodes of non-vasovagal syncope associated with non-
sustained ventricular tachycardia during 24-h ECG Holter monitoring
and in 4 patients for evidence of sustained ventricular tachycardia
during Holter monitoring).

As reported in Tables 3 and 4, all the 31 events occurred in DOC
patients, all of them having both edema at T2-STIR and positive LGE.
Patients with events had more frequently a midwall septal/ring-like LGE
pattern (p < 0.0001). They were younger (p = 0.02), with a higher wall
motion score index (WMSI) (p < 0.0001) and presented more updated
LL criteria than those without events. (p < 0.0001). Twenty-two events
occurred in patients with >3 updated LL criteria and 9 in those with 3
criteria. Interestingly, no events occurred in patients with just 2 criteria.
No events occurred in the DMC group; the 95 % one-sided exact
(Clopper—Pearson) upper bound for the event rate is 4.31 %.

As shown in the Graphical abstract, the Kaplan-Meier curves analysis
showed that DOC group had a worse prognosis than DMC (p = 0.0001).
Patients with negative LGE had no events, whereas those with midwall-
septal/ring-like LGE pattern had the worse prognosis (p < 0.0001,
Fig. 2) than others. The number of updated LL criteria was associated
with worse prognosis (p < 0.0001, Fig. 3), particularly those with >3
criteria had worse prognosis than all the others (p < 0.0001).

In Table 5 are reported the univariate Cox regressions. Age (p =
0.011), edema at T2-STIR (p < 0.0001) and positive LGE (p < 0.0001),
LL (p = 0.0001), DOC (p < 0.0001) and midwall septal/ring-like LGE
pattern (p < 0.0001) were reported as associated to cardiac events at
univariate analysis.
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Table 2

Main cardiac magnetic resonance parameters.
Characteristic
LVEDVi, ml/m? 79 (68-88)
LVESVi, ml/m? 30 (25-38)
LV EF, % 61 (57-66)
LV EF < 50 %, n 27 (12.8 %)
WMSI >1, n 44 (21 %)
LVMi, g/m? 68 (62-70)
RVEDVi, ml/m? 80 (66-92)
RVESVi, ml/m? 32 (26-39)
RV EF, % 59 (54-69)

Lake Louise criteria:
Edema T2w, n
Edema T2 mapping, n
LGE, n
Increased native T1, n

150 (71 %)
193 (91 %)
162 (77 %)
128 (61 %)

Increased ECV, n 58 (28 %)
Lake Louise criteria, n 3(2-4)

2 criteria 57 (27 %)

3 criteria 74 (35 %)

>3 criteria 79 (38 %)
Pattern LGE

Subpepicardial pattern 83 (39 %)

Midwall septal pattern 71 (34 %)

Ring-like pattern* 12 (6 %)

Other 8 (4 %)

No LGE 48 (23 %)
Pericardial effusion 35 (17 %)
Pericardial T2 hyperintensity, n 19 (9 %)
Pericardial LGE enhancement, n 15 (7 %)

LVEDVi: Left Ventricle End-Diastolic Volume Index; LVESVi: Left
Ventricle End-Systolic Volume Index; LV EF: Left Ventricle Ejection
Fraction; WMSI: Wall Motion Score Index; LVMi: Left Ventricle Mass
Index; RVEDVi: Right Ventricle End-Diastolic Volume Index; RVESVi:
Right Ventricle End-Systolic Volume Index; RV EF: Right Ventricle
Ejection Fraction; LGE: Late Gadolinium Enhancement; ECV: Extra
Cellular Volume.
“ Ring-like pattern involves also the midwall septal pattern.

Table 6 reports two multivariable penalized Cox regression models
adjusted for age, including the number of positive Lake Louise criteria,
DOC, and the midwall Septal/Ring-like LGE pattern, LGE presence,
edema at T2-STIR and WMSI. In the first model, the midwall septal/ring-
like LGE pattern (p = 0.0007) and DOC (p = 0.02) were found as inde-
pendent predictors of cardiac events, while in model 2 the midwall
septal/ring-like LGE pattern (p = 0.0002) and the number of LL criteria
(p = 0.02) were independent predictors.

Fig. 4 shows three different cases of acute myocarditis with different
CMR presentation and clinical outcomes.

4. Discussion

This study was focused on the assessment of prognostic role of
original and updated LL criteria in a population of hemodynamically
stable AM with preserved or mild reduced LVEF.

The main results of the study may be summarized as follows:

1) the combination of original LL criteria, with both edema at T2-STIR
and non-ischemic LGE, had prognostic role in AM, whereas no events
occurred in patients when diagnosis required at least one mapping
criterion

2) Number of satisfied updated LL criteria appear as a robust prognostic
factor, as most cardiac events (70 %) occurred in patients fulfilling
>3 criteria.

3) Midwall-septal/ring-like LGE pattern was confirmed to be an
important prognostic marker in AM.

The results of this study showed that in patients with AM and an
infarct-like presentation, the presence of both myocardial edema on T2-
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Table 3
Lake Louise criteria combination and corresponding cardiac event rates.
n (%) Cardiac events
(%)
Total 210 31
Diagnosis by original LL criteria (DOC)* 142 (68 31 (100 %)
%)
Diagnosis by updated LL criteria 210 (100 31 (100 %)
z%)

Diagnosis by mapping criteria (DMC)” 68 (32 %) 0

Combinations
- Edema T2w + LGE 8 (3.8 %) 0
- Edema T2w + increased native T1 2 (1 %) 0
- Edema T2w + increased ECV 0 0
- Increased T2 mapping + LGE 9 (4.3 %) 0
- Increased native T1+ increased T2 mapping 41 (19.5 0
%)

- Increased T2 mapping + increased ECV 0 0
- Increased native T1+ increased T2 mapping + 5(2.4 %) 0

LGE
- Increased native T1+ increased T2 mapping + 4 (1.9 %) 0

increased ECV
- Edema T2w + increased native T1+ increased 5 (2.4 %) 0

T2 mapping
- Edema T2w + LGE + increased native T1 3 (1.4 %) 1 (3.2 %)
- Edema T2w + LGE + increased T2 mapping 61 (29 %) 11 (35.5 %)
- All criteria 72 (34 %) 19 (61.3 %)

LGE: Late Gadolinium Enhancement; ECV: Extra Cellular Volume.

" Diagnosis by Original Criteria (DOC) was defined as Edema T2w and LGE +
any other criterion.

# Diagnosis by Mapping Criteria (DMC) was defined for diagnosis made by
only mapping criteria (Increased T2 mapping + Increased native T1 and/or
ECV) or by any LL combination of mapping criteria and only one of Edema T2w
or positive LGE.

STIR images and LGE was associated with a higher risk of adverse car-
diac events. This risk was greater compared to cases where one or both
of these original criteria were absent, and the diagnosis relied on at least
one mapping criterion. This result was not surprising considering pre-
vious studies. Griin et al. studied 222 pre-selected endomyocardial
biopsy-proven AM patients with comprehensive CMR and they observed
that LGE was the strongest independent predictor of all-cause mortality
in this high-risk cohort [7]. Similar results were found in the ITAMY
study, enrolling patients with original LL criteria for the diagnosis of AM
and preserved LV EF, where no events occurred in patients with negative
LGE [3,9,14]. Similar results were reported by Grani et al. [15] who
enrolled 670 consecutive patients with suspected myocarditis referred to
CMR for diagnosis and risk stratification, regardless of any decision to
perform EMB. Authors reported that LGE presence doubled the risk of
the composite endpoint (all-cause death; hospitalization due to heart
failure decompensation; heart transplantation; sustained ventricular
arrhythmia and recurrent AM) and all-cause mortality, while myocar-
dial edema had the same impact on the composite endpoint, but not with
all-cause mortality.

Moreover, our findings fit well within the framework proposed by a
recent all-comers CMR cohort comparing clinical and imaging criteria
[16]. In that study (n = 1050), fulfilling the updated LLC identified the
highest-risk subset (annualized event rate 6.6 %), whereas negative ESC
clinical criteria conveyed excellent prognosis (0.7 %/year); both ESC
and LLC independently predicted outcomes. Notably, 95 % of LLC-
positive patients had non-ischemic LGE, underscoring that the prog-
nostic signal largely tracks with LGE and edema burden. In our hemo-
dynamically stable, infarct-like myocarditis with preserved LVEF, risk
likewise concentrated in LGE-positive phenotypes, particularly mid-
septal/ring-like patterns.

The present study not only demonstrated the prognostic impact of
DOC, but also, for the first time, demonstrated that this combination of
conventional CMR parameters allowed a valid risk stratification. On the
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Table 4
Comparison of clinical and CMR characteristics between patients with and
without cardiac events.

Cardiac event P value
Yes (N = 31) No (N =179)
Males, n 20 (64.5 %) 143 (80 %) 0.06
Age, yrs 25 (15-56) 42 (25-55) 0.02
Fever, n 12 (40 %) 72 (40 %) 0.99
WBC, 10°cells/m? 10+ 4 9+4 0.47
ESR, mm/h 13 (4-21) 18 (4-39) 0.70
CRP, ng/ml 6 (1-18) 6 (2—-21) 0.39
hsTn peak 744 279 0.04
(70-923) (56-718)
CMR parameters
LVEDVi, ml/m? 75 (68-85) 81 (69-88) 0.11
LVEF, % 60 (58-62) 61 (57-66) 0.12
LVEF <50 %, % 4 (13 %) 22 (12 %) 0.99
WMSI 1.06 1(1-1) <0.0001
(1-1.29)
LVMi, g/In2 69 (61-73) 68 (62-77) 0.38
RVEDVi, ml/m? 79 (54-91) 80 (67-92) 0.36
RV EF, % 59 (52-60) 59 (54-66) 0.49

Lake Louise criteria:

Edema T2w, n 31 (100 %) 119 (67 %) 0.0001

Edema T2 mapping, n 30 (97 %) 163 (91 %) 0.28
LGE, n 31 (100 %) 131 (73 %) 0.001
Increased native T1, n 20 (65 %) 108 (60 %) 0.66
Increased ECV, n 16 (52 %) 42 (20 %) 0.003
Lake Louise criteria, n 4 (3-4) 3 (24 <0.0001
2 criteria, n 0 57 (32 %) 0.0002
3 criteria, n 9 (29 %) 65 (36 %) 0.43
>3 criteria, n 22 (71 %) 57 (32 %) <0.0001
Diagnosis by original criteria (DOC)* 31 (100 %) 111 (62 %) <0.0001
Diagnosis by mapping criteria 0 68 (38 %) <0.0001
(DMQO)”
Pattern of LGE, n:
Subepepicardial 7 (23 %) 76 (43 %) 0.04
Midwall septal/ring-like 24 (77 %) 47 (26 %) <0.0001
Other 0 8 (4.5 %) 0.60
Pericardial effusion, n 5(16 %) 30 (17 %) 0.80
Pericardial T2 hyperintensity, n 2 (7 %) 17 (10 %) 0.58
Pericardial LGE enhancement, n 0 15 (9 %) 0.09

WBC: White Blood Cells; ESR: erythrocyte sedimentation rate; CRP: C Reactive
Protein; LVEDVi: Left Ventricle End-Diastolic Volume Index; LV EF: Left
Ventricle Ejection Fraction, WMSI: Wall Motion Score Index; LVMi: Left
Ventricle Mass Index; RVEDVi: Right Ventricle End-Diastolic Volume Index; RV
EF: Right Ventricle Ejection Fraction; LGE: Late Gadolinium Enhancement; ECV:
Extra Cellular Volume.

" Diagnosis by Original Criteria (DOC) was defined as Edema T2w and LGE +
any other criterion.

# Diagnosis by Mapping Criteria (DMC) was defined for diagnosis made by
only mapping criteria (Increased T2 mapping + Increased native T1 and/or
ECV) or by any LL combination of mapping criteria and only one original cri-
terion (Edema T2w or positive LGE).

contrary, as reported in Table 5, univariate Cox regression analysis did
not demonstrate a significant association between T1 and T2 mapping
and adverse outcomes, supporting the conclusion of a limited or non-
significant prognostic value. Conversely, Puntmann et al. [17] re-
ported a prognostic role for increased T1 mapping in a cohort of 637
patients, but the population consisted of individuals with non-ischemic
cardiomyopathy. On the other hand, Thavendiranathan et al. [18]
demonstrated a prognostic role of T1 mapping in patients affected by
immune checkpoint inhibitor-associated myocarditis, a form that is
typically more severe than acute infarct-like myocarditis. In a small
study of 46 patients, Spieker et al. [19] found that increased T2 mapping
above 80 ms had a significant prognostic value. However, this was not
true for lower values, suggesting that only marked elevations of T2
mapping are relevant for prognosis. Finally, in a single-center 3 T cohort
of patients with suspected myocarditis (n = 179), Grani et al. reported
that ECV >35 % independently predicted MACE and was particularly
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No LGE

Supepicardial\other

Septal midwall/ring-like

Lt'ig Rank P<0.0001 I

71
48
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28
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40 60
Follow-upTime (months)
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Fig. 2. Kaplan-Meier curves by LGE pattern. Time-to-event analysis for the composite endpoint (MACE) stratified by LGE pattern on baseline CMR: mid-wall septal
and/or ring-like LGE (high-risk patterns), other non-ischemic LGE patterns, and LGE-negative. Patients with mid-septal/ring-like LGE exhibited the worst prognosis;
those with other non-ischemic LGE had intermediate risk; no events occurred in LGE-negative patients. Log-rank p < 0.0001. Numbers at risk are displayed below the

X-axis.

Cardiac Events

2 criteria

104

Survival-free from events probability (%)

3 criteria
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Log Rank P = 0.0002
| L |

Number at risk
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2 criteria 57

3 criteria 74

20

38
23
34

40 60
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Fig. 3. Prognosis according to the number of positive Lake Louise criteria. Kaplan-Meier curves for the composite endpoint (MACE) stratified by the count of fulfilled
updated LL criteria at baseline (categories: 2, 3, >4). Criteria included: T2-based edema (T2-STIR and/or elevated T2 mapping), non-ischemic LGE, and T1-based
markers (elevated native T1 and/or increased ECV). Event rates increased stepwise with a higher number of positive criteria (log-rank p = 0.0002), indicating
additive prognostic information. Numbers at risk are displayed below the x-axis. Abbreviations: LL, Lake Louise; LGE, late gadolinium enhancement; ECV, extra-

cellular volume fraction; MACE, major adverse cardiac events.
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Table 5
Univariate penalized Cox regression analysis for cardiac events predictors.

Univariate analysis

HR (95 % CI) P-value
Age 0.97 (0.95-0.99) 0.011
Peak of hsTn 1.01 (0.74-4.99) 0.44
LVEDVi 0.99 (0.97-1.01) 0.15
LVEF 0.97 (0.93-1.02) 0.25
WMSI 12.9 (4.3-38.6) <0.0001
LVMass index 0.99 (0.97-1.01) 0.57
RVEDVi 0.99 (0.97-1.01) 0.31
RVEF 0.99 (0.97-1.02) 0.45
Lake Louise criteria
Edema T2w 31.1 (4.4-3935) <0.0001
Edema T2 mapping 1.27 (0.33-11.4) 0.76
LGE presence 22.6 (3.2-2862) <0.0001
Increased native T1 0.93 (0.46-1.99) 0.85
Increased ECV 2.25 (0.75-6.8) 0.15
Lake Louise criteria, n 2.28 (1.5-3.6) 0.0001
Diagnosis by original criteria (DOC)* 36.5 (5.2-4627) <0.0001
Midwall septal/ring-like LGE pattern 6.4 (2.9-15.6) <0.0001

hsTn: high sensitivity troponin; LVEDVi: Left Ventricle End-Diastolic Volume
Index; LV EF: Left Ventricle Ejection Fraction; WMSIL: Wall Motion Score Index;
LVMi: Left Ventricle Mass Index; RVEDVi: Right Ventricle End-Diastolic Volume
Index; RV EF: Right Ventricle Ejection Fraction; LGE: Late Gadolinium
Enhancement; ECV: Extra Cellular Volume.

" Diagnosis by Original Criteria (DOG) was defined as Edema T2w and LGE +
any other criterion.

Table 6
Multivariable penalized Cox regression analysis for cardiac events predictors.

Multivariable analysis

HR (95 % CI) P- VIF AIC
value
Model 1 125.9
Lake Louise criteria, n 1.8 (0.96-3.5) 0.06 1.2
Diagnosis by original criteria
12. 1.5-171 .02 1
(DOC)* 9 (1.5-1714) 0.0
Midwall septal/ring-like LGE 45 (1.8-12) 0.0007 117
pattern
WMSI 4.4 (0.87-21) 0.07 1.07
Model 2 129.6
Lake Louise criteria, n 2.1 (1.1-3.7) 0.02 1.18
Edema T2w 7.1 (0.7-1028) 0.10 1
LGE presence 0.78 (0.07-119) 0.88 1
WMSI 2.7 (0.6-9.1) 0.16 1.07
Midwall septal/ring-like LGE 5.0 (2.1-13) 0.0002 1.2
pattern

Variables were adjusted for Age.
WMSI: Wall Motion Score Index; LGE: Late Gadolinium Enhancement.

* Diagnosis by Original Criteria (DOG) was defined as Edema T2w and LGE +
any other criterion.

informative among LGE-negative patients, whereas native T1 was not
prognostic. While this supports the idea that interstitial expansion may
carry risk when LGE is absent, these findings warrant cautious inter-
pretation given the 3 T non-MOLLI acquisition, site-specific thresholds,
and potential mapping variability. [20]

Our results can likely be explained by the fact that mapping criteria,
which let us to detect 32 % more cases of AM than original LL criteria,
allow for the diagnosis of mild cases that might have been missed when
using only the original criteria. For example, cases of AM with normal
LVEF and negative LGE represent cases in which a complete healing of
the myocardium is highly likely, without residual scarring and with a
lower risk of long-term adverse events. On contrast, the presence of both
edema and LGE should, therefore, represent the ‘tip of the iceberg’ of
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myocarditis with, more severe forms myocardial involvement. On the
other hand, another possible explanation could lie in the fact that T1 and
T2 mapping values represent myocardial edema and thus transient
cellular damage, which, if not associated with LGE, has no long-term
impact. Free water had the greatest T1 value and the condition of
increased T1 with negative LGE should be considered as myocardial
edema rather than irreversible myocardial damage.

From a CMR physics perspective, T1 values in chronic scars can be
increased, normal, or even reduced. A recent scar contains more hy-
drated type 1 collagen fibers (rich in hyaluronic acid), which are less
dense and associated with the presence of inflammatory cells and fi-
broblasts. This higher free water content can result in increased T1
values. As the scarring process progresses and the remodeling and
contraction of the scar are completed, the result is a denser scar, with
fewer cells, reduced free water content, and less hydrated type 1
collagen fibers, which may result in a normal T1 signal. [21,22] In cases
of fatty metaplasia, the T1 signal may even be reduced. In this sense,
Kaolawanich et al. [23] have previously shown in chronic myocardial
infarction native T1 mapping is poor at detecting replacement fibrosis in
absence of fatty metaplasia, faithfully indicated only by ischemic LGE
pattern. From this perspective, elevated T1 values, even in a cohort of
ischemic heart disease, would indicate more acute, reversible cellular
damage rather than a long-term damage, explaining the evidence of no
prognostic role reported in our study. Supporting this point, Bohnen
et al. [24] reported a decline of native T1, T2 and ECV values over 12
months from the acute phase, indicating that a transient cellular damage
in the acute phase could resolve over time without leaving room for a
prognostic role of the mapping criteria in the acute phase.

Additionally, our study extends the prognostic utility of the Lake
Louise criteria by demonstrating that a higher number of positive
criteria (more than three) correlates with a significantly worse prog-
nosis. This suggests a dose-response relationship where greater CMR
abnormalities are associated with more severe and widespread
myocardial damage, which subsequently elevates the risk of cardiac
complications at follow-up. These results suggest for a detailed and
quantitative approach in CMR evaluation, as the accumulation of
pathological CMR findings may guide a closer clinical follow-up of pa-
tients over time.

Finally, consistent with prior research, our study confirms that the
presence of a midwall-septal or ring-like LGE pattern is associated with a
higher incidence of major adverse cardiac events [3]. These LGE pat-
terns are often indicative of a more aggressive inflammatory process and
have been linked with poorer outcomes, including higher rates of pro-
gression to dilated cardiomyopathy and more frequent arrhythmic
events [3,14,25]. From this point of view, Peretto and colleagues, in a
multicenter study, reported that both septal and ring-like LGE patterns
were associated with a higher risk of malignant arrhythmias in patients
with a non-dilated left ventricular cardiomyopathy, encompassing both
inflammatory and genetic forms of myocardial injury. [26] Therefore,
the detection of such high-risk patterns at the time of diagnosis identifies
patients who are already on a trajectory toward adverse remodeling,
thus explaining their negative long-term prognosis even in the setting of
acute infarct-like presentations.

From the diagnostic perspective, the results of this study confirm
previous findings [27] showing that acquiring only three slices for T1,
T2, and ECV mapping could be insufficient in conditions like myocar-
ditis, where myocardial damage can have a regional distribution. In this
study, for example, 14 patients had edema on T2-STIR with negative T2
mapping, and as many as 82 patients had positive LGE with negative T1
mapping and ECV. This is likely because the signs of edema and LGE
were present in myocardial sections not included in the slices acquired
for mapping. These results highlight that, as with LGE and T2-STIR,
acquisition slices for mapping should also cover the entire left ventric-
ular myocardium and not be limited to just three slices, in order to fully
utilize the greater sensitivity of these techniques in detecting myocardial
damage compared to conventional methods.
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A T2-STIR
Update LL criteria: Clinical presentation:
T2-STIR + 38 years old male
T2 mapping + Chest pain
LGE - 128 ng/ml Troponine peak
T1 mapping + Normal Coronary artery
ECV-mapping —

Follow-up:
No events

LGE

B T2-STIR
Update LL criteria: Clinical presentation:
T2-STIR + 43 years old male
T2 mapping + Fever, Chest pain
LGE + 1322 ng/ml Troponine peak
T1 mapping + Normal Coronary artery
ECV-mapping +

Follow-up:

Recidive of myocarditis
after 3 years

24h-ECG Holter: >1000
PVC, runs of NSVT

LGE

C T2-STIR

Update LL criteria:

T2-STIR +

T2 mapping +
LGE +

T1 mapping +
ECV not available

A\
T1-mapping

LGE

Fig. 4. Representative cases of myocarditis with different imaging patterns and clinical outcomes. Panel A shows a case of myocarditis without LGE, but with
evidence of myocardial edema on T2w imaging and increased values on both T1 and T2 mapping in the inferior wall. This patient did not experience any adverse
events during follow-up.

Panel B depicts a case of acute myocarditis fulfilling all updated Lake Louise criteria at diagnosis. In this case, T2w imaging reveals edema in the inferior wall, and
subepicardial LGE is present in the inferior and inferolateral walls. These regions also show increased T1, T2, and ECV values. The patient later developed a
recurrence of myocarditis and non-sustained ventricular tachycardia on Holter ECG monitoring.

Panel C illustrates a case of myocarditis with a ring-like LGE pattern. During follow-up, the patient experienced ventricular tachycardia and subsequently underwent
ICD implantation for secondary prevention.
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Finally, we did not systematically assess cardiomyopathy-associated
genetic variants, which may intersect with the CMR phenotypes
observed in our cohort. Recent evidence indicates that pathogenic/likely
pathogenic variants are present in a non-negligible subset of patients
with acute myocarditis, with a pooled prevalence around 14-15 %
across pediatric and adult series; importantly, prevalence is low in
“uncomplicated” cases (~4 %) but markedly higher in complicated
presentations (~22 % in adults and up to ~45 % in children). [28] This
genetic background often involves desmosomal genes, most notably
DSP, but also DSG2 and PKP2, and can present with episodic myocardial
injury mimicking myocarditis, left-ventricular-predominant fibrosis,
and an increased arrhythmic risk (arrhythmogenic cardiomyopathy
“hot-phase”). [29,30] These phenotypes frequently display sub-
epicardial ring-like or mid-wall septal LGE patterns on CMR, over-
lapping with the patterns associated with adverse outcomes in our DOC
group. Future studies should integrate targeted genetic testing, at least
in patients with recurrent episodes, family history, or high-risk LGE
patterns, to disentangle inflammatory injury from genetically deter-
mined cardiomyopathy and to refine risk stratification.

4.1. Clinical implications

In hemodynamically stable infarct-like acute myocarditis with pre-
served LVEF, our data suggest a pragmatic risk gradient that is consistent
with current guidance. First, DMC, cases requiring >1 mapping crite-
rion, showed an excellent short- to mid-term prognosis. This profile may
justify less intensive follow-up after the index episode (e.g., one visit at
6-12 months with ECG/24-48 h ambulatory monitoring; repeat CMR
only if symptoms recur), and standard exercise restriction for 3-6
months, with return to training/competition after clinical reassessment
(biomarkers, ECG/Holter/exercise test).

By contrast, DOC, particularly with mid-septal or ring-like LGE pat-
terns, identified a higher-risk subset. These patients merit closer sur-
veillance at least in the first year (e.g., visits at ~3 and ~ 12 months;
prolonged ambulatory rhythm monitoring if palpitations/syncope;
repeat CMR at 6-12 months) and targeted genetic evaluation where
appropriate (recurrent episodes, family history, or high-risk LGE pat-
terns). Management of arrhythmic risk should follow guideline princi-
ples: no routine primary-prevention ICD in uncomplicated myocarditis
with preserved LVEF; ICD for secondary prevention after hemodynam-
ically not-tolerated sustained VT/VF; reassess need for primary pre-
vention only if LVEF <35 % persists >3 months despite optimal therapy.
Special considerations should apply in cases of positive genetic testing,
where specific risk profiles should be considered.

Overall, these findings support using updated LL criteria for diag-
nosis (greater sensitivity via mapping), while relying on LGE presence
and pattern (and the number of positive LL criteria) to calibrate follow-
up intensity, exercise counseling, and arrhythmic surveillance in routine
practice.

5. Limitations

The study is limited by several factors. It employs a relatively small
cohort that may not fully represent the wider population, potentially
limiting the generalizability of the findings. Our findings require
external validation in independent cohorts, including 3 T scanners, to
confirm generalizability and reproducibility across platforms. Not all
diagnoses were confirmed through endomyocardial biopsy, which could
affect the specificity of the diagnosis and the assessment of inflammation
severity. However, we included only hemodynamically stable AM, in
which EMB is not indicated as per guidelines. [4] Moreover, MOLLI
sequences for T1 mapping evaluation were acquired during systole, in
contrast with the common recommendations. This choice was made to
obtain more myocardial voxels and reduce the partial volume artifact
with the cavity, especially considering that the enrolled population was
relatively young with non-thickened ventricular walls. Additionally, the
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exclusion of patients with severe symptoms or significantly reduced
ejection fraction might lead to underestimating the criteria’s utility in
case of LV dysfunction.

Furthermore, genetic testing was not performed systematically; as a
result, we cannot exclude that a proportion of patients harbored
cardiomyopathy-associated variants (e.g., DSP/DSG2/PKP2), poten-
tially confounding the association between LGE patterns and outcomes.

Finally, the absence of events in the DMC group should be inter-
preted with appropriate uncertainty; the 95 % exact upper confidence
bound for the event rate with zero events in 68 patients is ~4.3 %.

Future studies addressing these limitations are essential to enhance
the reliability of the findings and their applicability to broader clinical
scenarios.

6. Conclusions

Updated LL criteria, including mapping techniques, have improved
detection of AM even in cases with mild myocardial involvement pre-
senting with negative LGE. However, original LL criteria including both
edema at T2-STIR and positive LGE have a stronger prognostic role
compared with mapping criteria. Moreover, results of the present study
confirmed the prognostic role of mid-wall/ring-like pattern of LGE in
AM.
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