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Directed acyclic graphs guided covariate selection in Cox regression models. In the unadjusted analysis, FM was
associated with a higher risk of the primary outcome compared with NFM [hazard ratio (HR) 1.52, 95% confidence
interval (CI) 1.10-2.11; P = 0.011]. After adjustment for age, sex, and time from symptom onset to hospitalization, this
association was attenuated and no longer statistically significant (HR 1.38, 95%CI 0.98-1.94; P = 0.062). Findings
were consistent in propensity score-matched and age = 15 years subgroups. FM patients had a higher likelihood of
persistent troponin elevation [odds ratio (OR) 3.44, 95%Cl 2.01-6.03; P < 0.001]. Persistent troponin elevation was
positively associated with increased risk of the primary outcome.

Conclusion: Under current treatment strategies in China, FM was not associated with a significantly higher
long-term risk compared with NFM. However, limited statistical power may influence this finding. Persistent
troponin elevation is associated with a worse prognosis.

INTRODUCTION

Myocarditis refers to localized or widespread inflammation of the myocardium, triggered by multiple
etiologies. Amonyg its subtypes, fulminant myocarditis (FM) stands as the most severe manifestation" . In
patients with FM, the condition commonly exhibits a rapid progression, leading to refractory shock or
life-threatening arrhythmias, ultimately resulting in a notably increased mortality rate”*. The major cause of
FM is viral infection, which can directly affect the heart or elicit an immune response, ultimately leading to
acute heart failure™.

We treated Chinese FM patients according to a “Life Support-Based Comprehensive Treatment Regimen”,
which emphasizes early and aggressive mechanical circulatory support (MCS), timely immunomodulatory
therapy with essential doses of glucocorticoids and intravenous immunoglobulin (IVIG), and standardized
supportive care. Importantly, cytotoxic immunosuppressive agents (e.g., azathioprine or cyclophosphamide)
were not routinely administered unless specific indications, such as virus-negative inflammatory
cardiomyopathy, were confirmed, and this regimen was associated with a dramatic reduction in in-hospital
mortality”®. However, investigations pertaining to long-term prognosis remain limited, especially lacking
long-term follow-up data from China under Chinese guidelines. A study has pointed out that patients with
FM have a higher long-term survival rate without the need for heart transplantation compared to those with
non-fulminant myocarditis (NFM)"".. However, this notion has been challenged by the study of Ammirati et
al., which indicated that patients with FM exhibited higher long-term mortality and increased heart

11,12]

transplant rates in comparison to those with NEM!""'2),

Consequently, the true picture remains unclear. This study seeks to address this gap by examining
cardiogenic death, heart transplantation, and the heart’s function and structure in patients with FM versus
those with NFM over a long-term follow-up period in China, under Chinese guidelines'.

METHODS

Study design and population

This study was conducted as a prospective, multicenter cohort study. Five tertiary hospitals located in China
collaborated in the research and gathered pertinent cases. The project received approval from the
Institutional Review Board at Tongji Hospital during its meeting on February 2, 2016, and was assigned the
unique identifier TJ-C20160202 (the research in this paper meets the ethical standards of the project). All
participating centers secured local Institutional Review Board approval for the enrollment of patients with
FM and NFM. The study strictly adhered to the ethical guidelines in the Declaration of Helsinki and the
International Conference on Harmonization Guidelines for Good Clinical Practice.
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Given the absence of a universally accepted definition of FM, previous studies have used heterogeneous
criteria. Some investigations have defined FM primarily based on clinical presentation requiring inotropes or
MCS"#*), which may introduce subjectivity due to treatment-related decision-making and institutional
practice variation. To improve objectivity and reproducibility, we adopted criteria grounded in the 2013
European Society of Cardiology (ESC) Working Group Position Statement and further incorporated
quantitative indicators of disease severity, including: (1) hemodynamic compromise requiring MCS or
vasoactive drugs; and (2) at least one of the following objective markers: diffuse myocardial edema on cardiac
magnetic resonance (2 50% ventricular segments with T2 ratio 2 2.0) or early multiorgan failure [sequential
organ failure assessment (SOFA) score 2 2 in 2 2 systems within 72 h]. This composite definition was
designed to reflect both the acute hemodynamic instability and the systemic inflammatory severity
characteristic of FM. NFM required: Acute myocarditis cases (symptom duration < 4 weeks) not meeting FM
criteria. Among the patients who consented to undergo endomyocardial biopsy (EMB), we proceeded with
the examination to obtain a more definitive diagnosis and provide pathological information.

Patients with FM and NFM were consistently enrolled in the study from April 1, 2016, to December 31, 2024.
The inclusion criteria for this study were as follows: (1) Histological confirmation of acute myocarditis in
accordance with the Dallas criteria"® or alternatively, myocarditis confirmed by cardiac magnetic resonance
(CMR) imaging based on the Lake Louise Criteria (LLC 2009)""; (2) Acute presentation of the disease,
defined as the onset of cardiac symptoms within 30 days prior to hospital admission; (3) The treatment
provided during hospitalization must adhere to the identical standards established by Tongji Hospital. The
exclusion criteria of this study were as follows: (1) Patients who died during hospitalization; (2) Patients with
any other disease that could potentially cause changes in the structure and function of the heart.

Study endpoint and patient follow-up

The primary composite endpoint included long-term (greater than 1 month, not paying attention to the
situation during the hospitalization period) cardiovascular death, heart transplantation, chronic heart failure
{defined as left ventricular ejection fraction < 50% with New York Heart Association [NYHA] class = IT}""*),
and structural cardiac abnormalities (left ventricular end-diastolic diameter > 5.5 cm or left atrial diameter >
4 cm for males; > 5.0 cm or > 3.5 cm for females, respectively). All cardiac structural measurements were
obtained through standardized transthoracic echocardiography performed by experienced sonographers
according to current guidelines!"”’. The secondary endpoint focused on persistent troponin elevation
(> 34.2 pg/mL with two consecutive measurements) at one month after symptom onset in patients with
myocarditis.

All patients were scheduled for outpatient follow-up visits at intervals: 1 month, 3 months, 6 months, and
12 months post-discharge, with annual appointments thereafter. These visits were designed to monitor
cardiac function and size of the heart chambers, identify potential complications, update treatment plans,
and confirm the occurrence of study endpoint. To ensure the highest quality of care, the follow-up processes
were overseen by a dedicated follow-up working group [TY (investigator) and ZPL (author)]. The follow-up
working group adhered to strict protocols for patient information recording, as outlined in Tongji Hospital’s
guidelines. In cases where follow-up was delayed, the group proactively reached out to patients via multiple
communication channels to ascertain their well-being and facilitate the timely completion of the follow-up
process. Personnel responsible for follow-up at each center underwent rigorous training to ensure
consistency and accuracy in data collection. They conducted independent reviews of all patient information
and entered it into Tongji Hospital’s secure electronic database. Additional layers of data quality control
were implemented, with regular reviews overseen by Jiangang Jiang and Daowen Wang (both are authors) to
ensure integrity and accuracy. Local researchers were contacted as needed to verify details and resolve any
queries.
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Statistical analysis
This study aimed to compare the incidence of primary endpoint events between patients with FM and those
with NFM. Based on historical clinical data from Tongji Hospital, the incidence of primary outcome events
was 45% among FM and 30% among NFM. The study was designed with a significance level of 0.05, a power
of 80%, and a 1:1 ratio for the two groups. For the two-sided test, the sample size was calculated using**':
2
Za\2pq + Zg\p1 (1= p1) + p2 (1= p2) W
n =
(p1 - p2)?

Where Z, represents the Z-score corresponding to the significance level (a = 0.05), Zgrepresents the Z-score

corresponding to the power of 80% (8 = 0.20), p, and p, are the proportions of the primary outcome event in
the FM and NFM groups, respectively, and g = 1 - p, where p refers to an average proportion of the primary
outcome event. This formula was used to determine the required sample size for the study. The result
indicating that the required sample size for each group is #n = 163, leading to a total sample size of 326 for the
study, was determined through statistical calculations.

Considering a 5% patient dropout rate, we should enroll 344 patients. Additionally, since this study primarily
calculates hazards risk based on regression analysis, it is necessary to ensure at least 10 events per variable
(EPV) for modeling. Based on the directed acyclic graph (DAG), we plan to adjust for a maximum of
3 variables. Given that NFM is expected to have 52 events, no further sample size increase is required.

After discovering that the missing data amounted to less than 5% and was determined to be Missing at
Random, we opted for multiple imputation utilizing the predictive mean matching method">*.

Continuous variables were presented as median with interquartile range (IQR) for non-normally distributed
data. To assess statistical differences between groups, we employed the Mann-Whitney U test for
non-normally distributed variables. Categorical variables were summarized using frequencies (percentages)
and compared between groups using the Chi-square () test or Fisher’s exact test, depending on their
applicability. A two-sided P-value of less than 0.05 was deemed statistically significant in all cases.

Main analysis: Recognizing the limitations of purely data-driven variable selection strategies (e.g., selecting
covariates based on statistical significance in univariate analyses), we adopted a causal inference framework
using DAGs based on prior clinical knowledge and published literature. DAGs allow explicit specification of
assumed causal relationships between exposure, confounders, mediators, and outcomes”***. This approach
helps avoid inappropriate adjustment for mediators or collider variables, which may otherwise introduce
bias. Therefore, age and sex were identified as minimal sufficient adjustment variables, while variables such
as treatment strategies, complications, and laboratory markers were considered potential mediators and were
not included in the primary adjusted model. Three models were constructed: Model 1 (Crude): Isolated
association between myocarditis type (FM vs. NFM) and outcomes. Model 2 (Minimally Adjusted):
Incorporated age and sex as the confounders (primary analysis). Model 3 (Comprehensive adjusted):
Evaluated time from onset to hospital admission (TFOHA) given its dual potential as either a mediator or
context-dependent confounder. Several clinically relevant variables, including length of stay (LOS),
complications, laboratory parameters, and treatment strategies, were intentionally excluded from adjustment
as they were identified through DAG as likely mediators (consequences rather than causes of myocarditis
severity). Treatment strategies were particularly avoided as covariates since they represent confounding by
indication, being intrinsically linked to the underlying disease severity or type of myocarditis.

Supplementary analyses: Survival analyses were performed using Kaplan-Meier curves with log-rank testing
for unadjusted comparisons between groups. To account for potential confounding, we adopted a two-stage
modeling approach: First, covariates were screened through univariate Cox regression (significance
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threshold P < 0.05). Significant predictors were then incorporated into multivariate Cox proportional hazards
models to estimate adjusted HR with 95% confidence intervals (CIs). For secondary outcomes, we similarly
employed univariate followed by multivariate logistic regression to derive adjusted odds ratios (ORs) with
95%CI. For the primary outcome only, subgroup analyses were performed, including variables such as age,
sex, TFOHA, LOS, smoking status, drinking status, and cardiac troponin I at admission.

Explore analyses: Given the potential association between persistent troponin elevation and primary
outcomes, we conducted comprehensive exploratory analyses. These included multi-model adjusted Cox
regression and Kaplan-Meier survival analyses treating persistent troponin elevation (secondary outcome) as
an independent variable and the composite primary endpoint as the dependent variable. We further
quantified this relationship using restricted cubic splines (RCS) to allow for non-linear associations.

Sensitivity analyses: To assess the robustness of our findings, we performed sensitivity analyses in two
distinct subpopulations: (1) The age-restricted cohort (2 15 years) to minimize developmental confounding;
(2) A propensity score-matched (PSM) cohort [1:1 matching on age and sex with a caliper width of
0.1 standard deviation (SD)] to address potential demographic imbalances. The analyses were conducted
using R (version 4.3.1) with the following primary packages: survival and survminer for survival analysis,
Matchlt for propensity score matching, mice for multiple imputation, rms for RCS analysis, and ggplot2 for
visualization. Additional packages including dplyr and tableone were used for data management and baseline
table generation.

RESULTS

Study population

Figure 1 outlines the process of patient inclusion, screening, and follow-up. Among all the patients initially
included, 13 individuals (all with FM) died due to cardiovascular causes. The final analysis enrolled
355 patients, comprising 181 with FM and 174 with NFM. Table 1 summarizes the key characteristics of the
study population. Notably, the FM versus NFM group exhibited a higher proportion of female patients
(51.4% vs. 24.1%, P < 0.001), an older median age [34.0 (21.0 to 50.0) vs. 23.5 (17.0 to 37.8) years, P < 0.001], a
longer median TFOHA [3.0 (2.0 to 6.0) vs. 3.0 (1.3 to 4.0) days, P = 0.043], and a lower median left
ventricular ejection fraction (LVEF) [30.0 (24.0 to 45.0) % vs. 57.0 (51.0 to 61.0)%, P < 0.001]. Furthermore,
the FM group demonstrated a significantly higher incidence of both primary outcome (49.2% vs. 36.2%, P =
0.001) and secondary outcome (39.2% vs. 14.9%, P = 0.001) compared to the NFM group. A significant
difference was observed in the median follow-up duration for primary outcomes [18.00 (6.00 to 48.00)
months in FM vs. 36.00 (6.00 to 54.00) months in NFM, P = 0.007]. We provide descriptive analyses for each
individual component of the primary composite endpoint, though these were not prespecified for formal
statistical testing. The observed event rates were as follows: cardiovascular death or heart transplantation
occurred in 7(3.9%) FM patients versus 1 (0.6%) NFM patient; chronic heart failure developed in 48 (26.5%)
FM patients compared to 13 (7.4%) NFM patients; and cardiac structural abnormalities were identified in
34 (18.7%) FM patients versus 49 (28.1%) NFM patients.

Supplementary Table 1 provides detailed clinical profiles of patients who reached the composite endpoint of
cardiovascular death or heart transplantation.

Table 2 illustrates the treatment strategies employed for patients during their hospital stay. In comparison to
the NFM group, the FM group exhibited a significantly higher utilization of intra-aortic balloon pump
(IABP), with 169 (93.4%) versus 0 patients, P < 0.001. Similarly, a higher proportion of patients in the FM
group used extracorporeal membrane oxygenation (ECMO), specifically 55 (30.4%) compared with 0
patients in the NFM group, P < 0.001. Moreover, a higher proportion of patients received immunoglobulin
treatment in the FM group (136, 96.5%) compared to the NFM group (106, 73.1%), P < 0.001. Similarly, a
greater number of patients in the FM group received glucocorticoids with 140 patients (99.3%) compared to
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130 patients (89.7%), P = 0.001.

Patients with acute myocarditis from all
centers who fulfilled the inclusion criteria,
N=398

Exclusion criteria:

Patients who died during hospitalization, N=13

Having other diseases may affect the primary outcome*, N=30
Chronic heart failure, N=6
Coronary artery disease, N=18
Valvular heart disease, N=1
Cardiomyopathy, N=4
Atrial septal defect, N=1
Persistant atrial fibrillation, N=1

v

v
Patients were included in the final analysis,
N=355
Fulminant myocarditis, N=181
Non-fulminant myocarditis, N=174

Figure 1. Flow diagram illustrating the selection of patients included in the entire cohort. * The primary composite endpoint included
cardiovascular death, heart transplantation, chronic heart failure {defined as left ventricular ejection fraction < 50% with New York Heart
Association [NYHA] class 2 11}, and structural cardiac abnormalities (left ventricular end-diastolic diameter > 5.5 cm or left atrial
diameter > 4 cm for males; > 5.0 cm or > 3.5 cm for females, respectively). A total of 30 patients were included in the category “"Having
other diseases may affect the primary outcome”. The sum of the subcategories is 31 because one patient suffered from both chronic heart
failure and coronary artery disease.

Regression analysis of primary and secondary outcomes

To better differentiate confounders from mediators, we developed a DAG [Supplementary Figure 1] and
employed a multi-model adjustment approach as the main analysis. In the unadjusted model (Model 1),
patients with FM demonstrated a significantly higher risk of the primary outcome compared to NFM
patients (HR 1.52, 95%CI 1.10-2.11). After adjustment for sex and age in Model 2, the association attenuated
to a marginal risk increase (adjusted HR 1.40, 95%CI 1.00-1.97), which was no longer statistically significant.
Further adjustment for TFOHA in Model 3 yielded an HR of 1.57 (95%CI 0.97 to 2.52), maintaining the
non-significant trend [Figure 2A]. For the secondary outcome, all three models demonstrated consistent
statistically significant trends. After adjustment for sex, age, and TFOHA, the OR was 3.44 (95%CI 2.01-6.03).
Detailed results are presented in Figure 2B.

In supplementary analyses, survival analysis demonstrates a significantly higher risk of the primary
composite endpoint in FM patients than in NFM patients (log-rank P = 0.010; Figure 3). The detailed
information of univariate and multivariate regression is presented in Table 3. Compared with NFM, the
initial HR and 95%CI of FM patients were 1.52 (1.10 to 2.11) for primary outcome. However, after
multivariate adjustment, the HR and 95%CI changed to 0.90 (0.35 to 2.30). For the secondary outcome, FM
patients initially exhibited a higher risk, with an OR and 95%CI of 3.67 (2.22 to 6.22). After multivariate
adjustment, the OR and 95%CI were 1.61 (0.73 to 3.54), which was not significant. We believe that
data-driven methods may lead to over-adjustment, while the results based on the DAG are more accurate.

Subgroup analyses for the primary outcome

To assess the consistency of results across clinically relevant variables, we performed prespecified analyses
stratified by sex, age, TFOHA, LOS, smoking status, drinking status, and cardiac troponin I (¢TnI).
Continuous variables (age, TFOHA, LOS, cTnl) were dichotomized at median values. As shown in Figure 4,
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Table 1. Clinical characteristics of patients admitted with proven FM and NFM
Characteristics FM (181) NFM (174) P
Female 93 (51.4) 42 (24.) < 0.001
Age,y 34.00 [21.00, 50.00] 23.50[17.00, 37.75] <0.001
TFOHA, d 3.00[2.00, 6.00] 3.00[1.25,4.00] 0.005
LOS, d 12.00 [9.00, 16.00] 7.00[5.00, 9.75] < 0.001
Smoking status 0.49
Never 148 (81.8) 148 (85.1)
Former or current 33(18.2) 26 (14.9)
Drinking status 0.761
Never 167 (92.3) 158 (90.8)
Former or current 14.(7.7) 16 (9.2)
ECG at admission
ST-T segment abnormalities 125 (69.1) 67 (38.5) <0.001
Advanced AV block 34 (18.8) 201D <0.001
VT/VF 20 (11.0) 0(0.0) <0.001
Cardiac arrest 18 (9.9) 0(0.0) < 0.001
Echocardiography at admission
LVEF 30.00[24.00, 45.00] 57.00 [51.00, 61.00] < 0.001
Admission laboratory tests
cTnl, pg/mL 19249.20 [3875.20, 43350.70] 2996.50 [506.42, 8632.97] < 0.001
NT-proBNP, pg/mL 5402.00 [2029.00, 10620.00] 469.00 [183.25,1304.75] < 0.001
ALT, U/L 57.00 [30.00, 143.00] 25.00[18.00, 43.00] < 0.001
AST, U/L 136.00 [64.00, 289.00] 47.50[30.00, 86.75] < 0.001
Scr, umol/L 77.00 [61.00,106.00] 72.00 [61.00, 87.00] 0.079
Serum potassium, mmol/L 418 [3.82, 4.55] 3.95[3.72,4.26] < 0.001
LDH, U/L 487.00 [318.00, 764.00] 250.00 [181.50, 335.00] < 0.001
CRP, mg/L 27.50[8.00, 76.70] 14.65 [4.05, 54.62] 0.008
ESR, mm/H 9.00 [5.00, 19.001] 8.00 [4.00, 16.00] 0.125
CMR’ 160 (88.4) 151(86.8) 0.764
EMB& 70 (38.7) 46 (26.4) 0.019
Primary outcome? 89(49.2) 63(36.2) 0.018
Time to event 18.00 [6.00, 48.00] 36.00 [6.00, 54.00] 0.007
Secondary outcome* 71(39.2) 26 (14.9) < 0.001

Values are median (interquartile range) or n (%). FM: Fulminant myocarditis; NFM: non-fulminant myocarditis; TFOHA: time from onset to hospital
admission; LOS: length of stay; AV: atrioventricular; VT: ventricular tachycardia; VF: ventricular fibrillation; LVEF: left ventricular ejection fraction;
cTnl: cardiac troponin I; NT-proBNP: N-terminal pro-B-type natriuretic peptide; ALT: alanine aminotransferase; AST: aspartate aminotransferase;
Scr: serum creatinine; LDH: lactate dehydrogenase; CRP: C-reactive protein; ESR: erythrocyte sedimentation rate; ST-T: ST segment and T wave;
ECG: electrocardiogram. 'CMR denotes the count of patients who have successfully undergone the test. “EMB indicates the number of patients who
have finished undergoing the procedure. *The primary composite endpoint included cardiovascular death, heart transplantation, chronic heart
failure {defined as left ventricular ejection fraction < 50% with New York Heart Association [NYHAT] class 2 I}, and structural cardiac
abnormalities (left ventricular end-diastolic diameter > 5.5 cm or left atrial diameter > 4 cm for males; > 5.0 cm or > 3.5 cm for females,
respectively). #*Secondary outcome refers to the patients who exhibited persistently elevated troponin levels for 30 days after the initial onset of

symptoms.

the direction of effect favored a consistent overall result across all subgroups, with no significant

heterogeneity detected (all interaction P-values > 0.05).
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Table 2. In-hospital treatment in patients admitted with proven FM and acute NFM

Characteristics FM (181) NFM (174) P
Temporary MCS devices
IABP 169 (93.4) 0(0.0) < 0.001
Days 5.00 [3.00, 7.00] 0.00[0.00, 0.00] < 0.001
ECMO 55(30.4) 0(0.0) < 0.001
Days 0.00[0.00, 3.00] 0.00[0.00, 0.00] <0.001
Pacemaker 61(33.7) 0(0.0) < 0.001
Days 0.00[0.00, 4.00] 0.00[0.00, 0.00] < 0.001
Other support devices
CRRT 45 (24.9) 1(0.6) < 0.001
Hours 0.00[0.00, 0.00] 0.00[0.00, 0.00] < 0.001
CPR/Defibrillation 28 (15.5) 0(0.0) < 0.001
Immunoregulatory therapy
Immunoglobulin 178 (98.3) 119 (68.4) < 0.001
Glucocorticoids 181(100.0) 152 (87.4) < 0.001
Other drugs therapy
Inotropes 97 (53.6) 0(0.0) < 0.001
Antiviral drugs 175 (96.7) 147 (84.5) < 0.001
ACEI/ARB 15 (63.5) 79 (45.4) 0.001
Beta blockers * 109 (60.2) 91(52.3) 0.162

Values are median (interquartile range) or n (%). FM: Fulminant myocarditis; NFM: non-fulminant myocarditis; MCS: mechanical circulation
support; IABP: intra-aortic balloon pump; ECMO: extracorporeal membrane oxygenation; CRRT: continuous renal replacement therapy; CPR:
cardiopulmonary resuscitation; ACEl: angiotensin-converting enzyme inhibitors; ARB: angiotensin Il receptor blocker. * Beta-blockers are
administered only after the patient’s shock has been resolved.

Analysis of secondary and primary outcome association

Unadjusted analysis demonstrated that persistent troponin elevation (secondary outcome) was significantly
associated with an increased risk of the primary composite endpoint (HR 1.97, 95%CI 1.42-2.74). This
association remained significant after adjustment for age and sex (adjusted HR 1.66, 95%CI 1.18-2.33;
Supplementary Figure 2).

Further analysis examined the log2-transformed average of two consecutive troponin measurements taken at
1-month post-discharge. A positive linear relationship was observed between troponin I levels and the risk of
the primary outcome once troponin exceeded the upper limit of the normal reference range (34.2 pg/mL,
log2-transformed value of 5). This dose-dependent association persisted in both unadjusted [Figure 5A] and
adjusted models [Figure 5B].

Sensitivity analyses

To address potential heterogeneity between pediatric and adult populations, we conducted analyses in
patients aged 2 15 years. Supplementary Table 2 presents the baseline clinical characteristics of these adult
patients, while Supplementary Table 3 details their treatment regimens. Unadjusted survival analysis
[Supplementary Figure 3] demonstrated that FM patients maintained a significantly higher risk of
developing the primary composite endpoint, consistent with findings in the overall population. This
non-significant association remained robust after multi-model adjustment (Supplementary Figure 4A for
primary outcome and Supplementary Figure 4B for secondary outcome). Similar results were observed in the
relationship between secondary and primary outcomes [Supplementary Figure 5].
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Model

HR (95%Cl) P

Unadjusted: Model1 | —=—— 1.52(1.10,2.11) 0.011

Adjusted: Model2
Adjusted: Model3

Model
Unadjusted: Model1
Adjusted: Model2
Adjusted: Model3

= 1.40(1.00,1.97) 0.050
1.38 (0.98,1.94) 0.062

|

-
N

OR (95%Cl) P
—=—— 3.67 (2.22,6.22) <0.001
—=—— 3.46 (2.02,6.05) <0.001

—=—— 344 (2.01,6.03) <0.001
T T T T
123456

Figure 2. Forest plots comparing outcomes between fulminant and non-fulminant myocarditis using progressively adjusted models. Model
1shows unadjusted associations, Model 2 adjusts for age and sex, and Model 3 additionally incorporates time from symptom onset to
hospitalization. Analyses employed marginal effect Cox regression (for time-to-event outcomes) and logistic regression (for binary
endpoints), with robust variance estimation to account for study-level clustering. Results are presented as hazard ratio (HR) or odds ratio
(OR) with 95% confidence interval (Cl). (A) The primary outcome is examined in the entirety of the patient population; (B) The secondary
outcome is evaluated in the entirety of the patient population.
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Figure 3. Survival analysis of the primary outcome of fulminant myocarditis (FM) versus non-fulminant myocarditis (NFM) in all patients.
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Table 3. Univariate and multivariate analyses of predictors for primary and secondary outcomes

HR (95%ClI) for primary outcome

OR (95%(Cl) for secondary outcome

Characteristics

Univariate Multivariate Univariate Multivariate
FM 1.52 (1.10-2.11) * 0.90 (0.35-2.30) 3.67(2.22-6.22) * 2.20(0.48-8.81)
Male 1.26 (0.90-1.77) 0.78 (0.48-1.26)

Age, per 1year
TFOHA, per 1day
LOS, per 1day
Smoking status
Never
Former or current
Drinking status
Never
Former or current

ECG at admission

ST-T segment abnormalities

Advanced AV block
VT/VF

Cardiac arrest

Echocardiography at admission

LVEF, per 1%
Admission laboratory tests

cTnl, per 1000 pg/mL

NT-proBNP, per 1000 pg/mL

ALT, per 1000 U/L
AST, per 1000 U/L

Scr, per 10 umol/L

Serum potassium, per Tmmol/L

LDH, per 1000 U/L

CRP, per 10 mg/L

ESR, per 10 mm/H
Therapy

IABP

ECMO

Pacemaker

CRRT

CPR/Defibrillation

Intravenous immunoglobulin

Glucocorticoids
Inotropes
Antiviral drugs
ACEI/ARB

Beta blockers

1.03 (1.02-1.04) *
1.02 (1.00-1.05)
1.02 (1.01-1.05) *

1.00 (reference)
2.01(1.39-2.90) *

1.00 (reference)
1.27 (0.76-2.13)

1.48 (1.07-2.05) *
0.95 (0.56-1.61)
0.90 (0.49-1.66)
117 (0.61-2.22)

0.98 (0.97-0.99) *

1.02 (1.01-1.03) *
1.03 (1.01-1.04) *
0.96 (0.72-1.20)
0.96 (0.81-1.12)
0.98 (0.96-1.00)
1.05 (0.76-1.44)
1.73 (1.40-2.06) *
1.02 (1.00-1.04)
1.04 (0.96-1.11)

152 (1.11-2.10) *
1.67 (1.12-2.47) *
1.45(0.99-2.13)
0.99 (0.63-1.56)
0.82 (0.46-1.44)
1.26 (0.81-1.96)
113 (0.57-2.21)
1.35 (0.96-1.89)
1.28 (0.71-2.31)
1.19 (0.86-1.64)
0.97 (0.71-1.34)

1.03 (1.02-1.04) *

1.01(0.98-1.04)

1.45(0.99-2.13)

1.24 (0.87-1.75)

0.99 (0.98-1.01)

1.01(1.00-1.03) *
1.00 (0.98-1.02)

116 (0.70-1.62)

0.71(0.28-1.81)
1.23(0.72-2.13)

1.03 (1.01-1.04) *
1.02 (0.98-1.06)
0.99 (0.51-1.82)

1.00 (reference)
0.99 (0.51-1.82)

1.00 (reference)
0.38 (0.11-1.02)

1.74 (1.08-2.84) *
2.06 (1.00-4.17) *
1.13(0.45-2.59)

2.54(0.98-6.49)

0.97 (0.95-0.98) *

1.04 (1.02-1.05) *
1.07 (1.04-1.10) *
1.20 (0.89-1.53)
1.11(0.91-1.31)
1.01(1.00-1.03)
1.05 (0.66-1.65)
213 (1.56-2.71) *
1.00 (0.97-1.04)
1.04 (0.93-1.16)

3.42(2.09-5.68) *
1.65 (0.89-3.02)
1.96 (1.09-3.49) *
1.50 (0.76-2.86)
1.44 (0.65-3.06)
2.81(1.35-6.61) *
4.21(1.20-26.64) *
1.91(1.16-3.13) *
1.00 (0.46-2.36)
119 (0.74-1.91)
1.54 (0.96-2.51)

1.02 (1.00-1.04)*

117 (0.67-2.03)
1.79 (0.69-4.62)

0.82(0.98-1.02)

1.03 (1.01-1.05) *
1.04 (1.01-1.08) *

0.92 (0.13-1.69)

0.89 (0.24-3.79)

0.57 (0.25-1.29)

1.27 (0.48-3.76)

1.54 (0.32-11.39)
0.71(0.37-1.35)

HR: Hazard ratio; Cl: confidence interval; OR: odds ratio; FM: fulminant myocarditis; TFOHA: time from onset to hospital admission; LOS: length of
stay; SVA: supraventricular arrhythmia; NFVA: non-fatal ventricular arrhythmia; AV: atrioventricular; VT: ventricular tachycardia; VF: ventricular
fibrillation; LVEF: left ventricular ejection fraction; LAD: left atrium diameter; LVEDd: left ventricular end-diastolic dimension; cTnl: cardiac troponin
I; NT-proBNP: N-terminal pro-B-type natriuretic peptide; ALT: alanine aminotransferase; AST: aspartate aminotransferase; Scr: serum creatinine;
LDH: lactate dehydrogenase; CRP: C-reactive protein; PCT: procalcitonin; ESR: erythrocyte sedimentation rate; ST-T: ST segment and T wave; ECG:
electrocardiogram; IABP: intra-aortic balloon pump; ECMO: extracorporeal membrane oxygenation; CRRT: continuous renal replacement therapy;
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CPR: cardiopulmonary resuscitation; ACEIl: angiotensin-converting enzyme inhibitor.* P < 0.05.

Variable Count Percent HR (95% CI) P value P for interaction

Overall 355 100 e 1.52 (1.10to 2.11) 0.011

Sex i 0.791
Female 133 37.7 —-7 1.57 (0.82 t0 3.00) 0.175
Male 220 62.3 |—— 1.74 (1.18 to 2.58) 0.006

Age 0.573
< 29y 170 479 —_—— 141 (0.77 to 2.57) 0.261
>= 20y 185 521 —— 1.15(0.78 to 1.70) 0.486

TFOHA i 0.889
<3d 138 38.9 1—-— 1.58 (0.95t0 2.64) 0.079
>=3d 217 61.1 —— 1.48 (0.97 to 2.25) 0.067

LOS 0.182
<9d 149 42 —— 0.98 (0.51 to 1.86) 0.944
>=0d 206 58 —'— 1.67 (1.03to 2.72) 0.037

Smoking : 0.831
Never 296 83.4 == 146 (1.01t02.12) 0.044
Former or Current 59 16.86  E— 1.61(0.83 10 3.12) 0.158

Drinking 0.837
Never 325 91.5 - 1.51(1.07 to 2.12) 0.018
Former or Current 30 8.5 1.83 (0.68 to 4.94) 0.234

cTnl 0.31
< 6038pg/mL 177 499 —— 1.58 (0.94 to 2.66) 0.085
>= 6038pg/mL 178 50.1 —— 1.09 (0.70 to 1.70) 0.691

o 1 2 3 4 5

Figure 4. A subgroup analysis was conducted for the primary outcome in the entirety of the patient population (fulminant myocarditis vs.
non-fulminant myocarditis). HR: Hazard ratio; Cl: confidence interval; TFOHA: time from onset to hospital admission; LOS: length of stay;
cTnl: Cardiac troponin I. All continuous variables were dichotomized at their median values.

PSM based on DAG effectively balanced age and sex distributions between groups (other factors served as
mediating variables and did not require balancing), as evidenced by the baseline characteristics and
treatment details presented in Supplementary Tables 4 and 5. Survival analysis of the matched cohort showed
no significant difference between groups (log-rank P = 0.084, Supplementary Figure 6). Subgroup analyses of
the balanced population [Supplementary Figure 7] yielded results concordant with those from the overall
cohort.

DISCUSSION

This prospective multicenter cohort study was designed to comprehensively compare long-term clinical
outcomes between FM and NFM patients, addressing current knowledge gaps in the field. Specifically, it
aims to clarify the long-term prognosis of Chinese FM patients treated according to Chinese clinical
guidelines. The findings showed a statistically significant incidence (P = 0.018) of the primary composite
endpoint in FM patients (89, 49.2%) versus NFM patients (63, 36.2%). However, after full adjustment, the
result was marginal effect size (HR 1.38, 95%CI 0.98-1.94; P = 0.062), suggesting the need for cautious
interpretation. Although negative results were consistently observed in both sensitivity analyses, we cannot
exclude the possibility that these findings reflect insufficient statistical power rather than true equivalence.
Post-hoc power analysis indicated only 70% power (30% probability of type II error), further emphasizing the
need for careful consideration of these results”. These findings highlight the critical need for future studies
with larger sample sizes and extended follow-up periods exceeding ten years to provide definitive
conclusions.
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Figure 5. Restricted Cubic Spline (RCS) estimation depicting the hazards ratio (HR) between secondary (persistently elevated cardiac
troponin I) and primary outcome. (A) Unadjusted estimation; (B) Estimation adjusted for age and sex. Cl: Confidence interval; HR: hazard
ratio; cTnl: Cardiac troponin I.

In our study, with follow-up extending up to nine years, eight cases of cardiovascular death or heart
transplantation were recorded, seven of which occurred in FM patients. Due to the limited number of events
for this specific endpoint, we did not perform separate statistical analyses. McCarthy ef al." reported
tavorable long-term prognosis in FM patients compared to NFM patients, attributed to low rates of
cardiovascular death or heart transplantation despite higher in-hospital mortality. However, this conclusion
was drawn from a small cohort (15 FM vs. 132 NFM patients), with only one endpoint event observed in the
FM group, suggesting substantial random variability in the results. Similarly, Lorusso et al.””’ proposed
favorable prognosis in FM patients due to fewer cardiac-related events; however, their study lacked direct
comparisons between FM and NFM patients, limiting its clinical relevance. A study has suggested
comparable long-term survival between FM and NFM patients who survive the acute phase, but these were
similarly constrained by small sample sizes (14 FM vs. 13 NFM patients), rendering their conclusions
inconclusive®.
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In contrast, two studies by Ammirati et al.'"*?! demonstrated significantly higher risks of cardiovascular
death or heart transplantation in FM versus NFM patients. These studies partially addressed prior limitations
through larger sample sizes and multicenter designs. Ammirati et al."'*) defined FM largely on the basis of
clinical presentation requiring inotropic or MCS, without incorporating organ dysfunction or imaging-based
criteria. Similarly, the American Heart Association (AHA) scientific statement emphasizes rapid
hemodynamic deterioration but does not mandate quantitative imaging or organ failure metrics!®..
Compared with these approaches, our composite criteria integrate hemodynamic instability, objective
imaging findings, and early multiorgan dysfunction, thereby aiming to reduce misclassification and enhance
consistency across centers. However, we acknowledge that differences in diagnostic criteria may affect
cross-study comparability and should be considered when interpreting our findings. The observed higher
risk of cardiovascular death or heart transplantation in FM patients aligns with the findings of Ammirati et
al."?I but is supported by more rigorous methodology. Additionally, our study provides novel data from a
Chinese cohort, addressing the geographic gap in prior research.

Although chronic heart failure risk assessment was not pre-specified as a single end point, a descriptive
analysis revealed that among 61 patients who developed chronic heart failure during follow-up, 48 cases
(26.5%) were FM patients compared to 13 cases (7.5%) in NFM patients, demonstrating a substantially higher
absolute events in the FM group. Prior research by Ammirati et al.""! directly compared cardiac systolic
function between FM and NFM patients. It suggests that while FM patients showed more significant LVEF
improvement during hospitalization, their long-term follow-up revealed lower LVEF values compared to
NFEM patients. Our findings corroborate this observation and extend it by employing chronic heart failure
(CHF) as a clinical endpoint that incorporates both LVEF assessment and symptomatic status (NYHA class 2
II), thereby providing a more comprehensive evaluation of long-term cardiac dysfunction.

The favorable long-term trends observed in FM patients under the current regimen may be attributable to
several key components of the “Life Support-Based Comprehensive Treatment Regimen”. First, early
initiation of MCS (such as IABP or ECMO) likely plays a critical role in stabilizing hemodynamics during the
acute inflammatory phase, thereby preventing irreversible end-organ damage and allowing myocardial
recovery. Second, the use of immunomodulatory therapy with essential-dose glucocorticoids and IVIG may
help attenuate excessive inflammatory responses without inducing profound immunosuppression”. Unlike
cytotoxic immunosuppressive agents, which may increase infection risk and are generally reserved for
biopsy-proven virus-negative inflammatory cardiomyopathy'®, our strategy focuses on immune modulation
rather than broad immune suppression. Third, strict standardized supportive care and structured follow-up
protocols may have contributed to improved long-term management of ventricular remodeling and heart
failure progression. Nevertheless, given the observational design of our study, we cannot definitively
determine the relative contribution of each treatment component. The improved long-term prognosis may
reflect the synergistic effect of early hemodynamic stabilization and controlled immunomodulation rather
than any single intervention alone. Future randomized or mechanistic studies are needed to clarify the
individual and combined effects of these therapeutic strategies.

This research also examined the relationship between the secondary outcome (persistent elevation of cTnl
for one month) and the primary outcome, given that previous research has linked persistent inflammatory
activation to a poorer long-term prognosis'*’. The persistent elevation of ¢TnI is a marker of ongoing
myocardial injury and active inflammation within the myocardium”**'". This prolonged inflammatory
response and immune-mediated cardiac damage may ultimately contribute to the long-term deterioration of
cardiac structure and function”..
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Currently, there is a lack of reliable biomarkers for predicting long-term cardiac structural and functional
outcomes in patients with acute myocarditis. A study reported that peak troponin levels in patients with
acute myocarditis correlated with more extensive late gadolinium enhancement on CMR imaging and lower
LVEF during follow-up"’’. Another study found that initial admission cTnI levels were associated with
progressive ventricular dysfunction in heart failure patients”*. However, conflicting evidence exists, a study
has shown no correlation between admission ¢Tnl levels and late LVEF in myocarditis patients”. From a
clinical perspective, our findings suggest that measurement of cTnl at 1-month follow-up may serve as a
practical risk stratification tool. Patients with persistently elevated cTnl levels may benefit from closer
surveillance, including more frequent outpatient visits, repeat echocardiographic assessment, and careful
monitoring for symptoms of heart failure or ventricular remodeling. In selected high-risk individuals,
clinicians may consider optimization of guideline-directed medical therapy for heart failure and closer
rhythm monitoring. Conversely, patients with normalized cTnI levels at one month may be considered at
relatively lower risk and could potentially follow a standard follow-up schedule. However, these
recommendations are hypothesis-generating and should be interpreted cautiously. Given the observational
design of our study, the prognostic value of 1-month troponin measurement requires prospective validation
in independent cohorts before it can be formally incorporated into clinical decision-making algorithms.

Study limitations
Firstly, EMB was not conducted for all patients in this study. However, despite expert consensus and other
statements recommending EMB for patients with acute myocarditis to guide diagnosis or treatment

1,36

decisions"*?, this reccommendation has not been confirmed through large-scale clinical trials. Historical
research also indicates a relatively low rate of EMB completion. For instance, Ammirati et al."" reported that
only 26.7% of patients with acute myocarditis underwent EMB, while in a multicenter study, EMB was
performed in 183 (44%) suspected FM patients”. Similarly, a Japanese single-center study of 22 patients did
not include EMB"®. Compared to these previous studies, our research has made progress in addressing this

limitation.

Secondly, our study did not incorporate molecular analysis using gene test, and immunohistochemistry on
myocardial biopsy tissue samples was not performed in all centers. This was primarily due to a lack of
compelling evidence supporting the use of these procedures, as well as financial constraints faced by the
research team.

Thirdly, while our sample size met pre-specified power calculations, it remained insufficient to definitively
exclude modest but clinically important risk differences (particularly for rare outcomes such as heart
transplantation). This limitation underscores the need for larger, collaborative studies to validate these
findings.

Conclusions

Our study demonstrates that patients with FM under the current treatment regimen based on Chinese
guidelines did not show a significantly increased long-term risk of the primary composite endpoints
(cardiovascular death, heart transplantation, chronic heart failure, and cardiac structural abnormalities)
compared with NFM patients. However, it should be noted that, given the borderline P value and the limited
statistical power, this finding should be interpreted with caution. Notably, FM patients had a substantially
higher incidence of persistent cTnI elevation at one-month follow-up than NFM patients. In both FM and
NFM groups, persistent cTnl elevation was associated with an increased risk of developing the primary
composite endpoints, with the magnitude of risk showing a positive correlation with the degree of cTnl
elevation.
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