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Abstract

Aim: To examine the association between intravenous immunoglobulin (IVIG) use and in-
hospital outcomes in adults with fulminant myocarditis (FM).

Methods: This two-center retrospective cohort study included 316 adults hospitalized with
FM between January 2020 and January 2025; 184 received IVIG, and 132 did not. The
primary outcome was all-cause in-hospital mortality. Secondary outcomes were a
composite of acute liver injury (ALD) or Kidney Disease: Improving Global Outcomes-
defined acute kidney injury (AKI) and successful extracorporeal membrane oxygenation
(ECMO) weaning with survival to discharge. We evaluated associations using multivariable
and time-dependent Cox models, an analysis restricted to methylprednisolone-treated
patients, propensity-score overlap weighting, Aalen-Johansen cumulative-incidence
analyses, and Fine-Gray competing-risk models. Dose- and timing-related analyses were
exploratory.
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Results: In-hospital death occurred in 17 of 184 IVIG-treated patients (9.2%) and 51 of 132 non-IVIG-treated patients
(38.6%). IVIG use was associated with lower mortality across multiple models, including the multivariable Cox
model (hazard ratio [HR], 0.23; 95% confidence interval [95%CI]: 0.14-0.40; P < 0.001), the time-dependent
model (HR, 0.15; 95%Cl: 0.08-0.29), the methylprednisolone-treated cohort (HR, 0.15; 95%Cl: 0.08-0.27), and the
overlap-weighted analysis (HR, 0.24; 95%Cl: 0.07-0.87). ALI/AKI occurred in 53 of 184 IVIG-treated patients
(28.8%) and 72 of 132 non-1VIG-treated patients (54.5%; adjusted HR, 0.43; 95%Cl: 0.30-0.61; P < 0.001). Among
ECMO-supported patients, successful weaning with survival to discharge occurred in 50 of 61 1VIG-treated patients
and 6 of 18 non-1VIG-treated patients (subdistribution HR, 5.89; 95%Cl: 2.96-11.73; P < 0.001). Exploratory dose-
and timing-related estimates did not establish an optimal IVIG regimen.

Conclusions: In this two-center retrospective cohort, IVIG use within a corticosteroid-containing care pathway was
associated with lower in-hospital mortality, less ALI/AKI, and a greater likelihood of successful ECMO weaning with
survival. Residual and unmeasured confounding preclude causal inference; prospective multicenter validation is
required.

INTRODUCTION

Fulminant myocarditis (FM) is a severe inflammatory myocardial syndrome characterized by rapid
hemodynamic deterioration, ventricular arrhythmias, cardiogenic shock, and multiorgan dysfunction'.
Contemporary diagnostic and management frameworks emphasize early recognition of high-risk clinical
phenotypes, exclusion of ischemic and non-inflammatory causes of myocardial injury, and prompt referral
to centers with expertise in advanced heart failure and temporary mechanical circulatory support (MCS)®*..
Venoarterial extracorporeal membrane oxygenation (VA-ECMO) can provide a bridge to myocardial
recovery or transplantation in patients with refractory cardiogenic shock; nevertheless, mortality remains
substantial even in contemporary ECMO-supported cohorts'>*. Accordingly, adjunctive therapies are still
needed to target the inflammatory myocardial injury underlying FM rather than circulatory failure alone.

The pathobiology of myocarditis is heterogeneous and may involve direct pathogen-mediated injury, innate
and adaptive immune activation, autoimmunity, endothelial dysfunction, and subsequent adverse
myocardial remodeling”*. Intravenous immunoglobulin (IVIG) is a pooled polyclonal IgG preparation with
pleiotropic immunomodulatory effects, including modulation of activating and inhibitory Fcy receptors,
complement interception, neutralization of autoantibodies and inflammatory mediators, and regulation of

[9,10

innate and adaptive immune-cell responses'”’. However, evidence supporting IVIG in myocarditis remains
inconsistent. A Cochrane review concluded that the available clinical evidence was insufficient to establish a
treatment benefit in either children or adults"". A randomized trial in recent-onset dilated cardiomyopathy
did not demonstrate an incremental improvement in ventricular function with IVIG, although the enrolled
population differed substantially from patients with acute FM""?/. Conversely, pooled analyses of
predominantly observational studies have suggested possible associations with lower mortality and improved
ventricular recovery, but interpretation has been constrained by clinical heterogeneity, limited adjustment

for treatment allocation, and variation in IVIG dosing and concomitant immunomodulatory therapy!’..

Chinese centers have developed a life-support-based comprehensive management strategy combining
temporary MCS with immunomodulatory therapy in selected patients with FM. Registry data have shown
favorable outcomes with this bundled treatment approach, but the relative contribution of IVIG cannot be
isolated from corticosteroids, MCS, referral patterns, and other components of intensive care'**!. In
particular, adult FM data remain limited regarding whether IVIG exposure is associated with outcomes after
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accounting for concomitant methylprednisolone and advanced organ support. The clinical relevance of
cumulative IVIG exposure and timing of initiation are also uncertain, and analyses of these post-admission
exposures are susceptible to treatment-selection and survivorship biases.

Therefore, we conducted a two-center retrospective cohort study of adults with FM to evaluate the
association between IVIG treatment and in-hospital mortality, acute hepatic or renal dysfunction, and
successful ECMO weaning with survival to discharge. To address major sources of bias inherent to the
observational design, we incorporated multivariable adjustment, analyses restricted to methylprednisolone-
treated patients, propensity-score overlap weighting, time-dependent exposure modeling, competing-risk
analysis, and dose- and timing-related sensitivity analyses. We also examined cardiac functional recovery,
circulating biomarkers, and an exploratory histopathological subset to characterize biological findings
accompanying the observed clinical associations.

METHODS

Study design and population

This two-center retrospective cohort study was conducted at Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, and the First Affiliated Hospital of Zhengzhou University.
The study complied with the Declaration of Helsinki and was approved by the institutional review boards of
both participating centers (Tongji Hospital approval No. TJ-IRB202604153; First Affiliated Hospital of
Zhengzhou University approval No. 2025-KY-1274-001). Written informed consent was obtained from all
patients or their legal representatives. The study was registered at ClinicalTrials.gov (NCT03268642).

Consecutive patients admitted with suspected FM between January 2020 and January 2025 were screened.
FM was adjudicated according to the Chinese expert consensus and the American Heart Association
scientific statement. Required features were an abrupt presentation with severe heart failure, cardiogenic
shock, hypotension requiring vasoactive or inotropic support, or life-threatening arrhythmia; biochemical
evidence of myocardial injury; and exclusion of alternative causes of acute myocardial injury or circulatory
collapse. Acute coronary syndrome, sepsis-related myocardial injury, hypovolemic shock, and pre-existing
structural myocardial disease were excluded using coronary angiography or coronary computed tomography
angiography when feasible, serial electrocardiography and biomarker trajectories, echocardiography, cardiac
magnetic resonance imaging when clinically possible, and multidisciplinary adjudication.

Of 404 patients screened, those aged < 18 years, those with an admission left-ventricular ejection fraction
(LVEF) > 50%, and those with a confirmed alternative diagnosis were excluded. The final cohort comprised
316 adults, categorized according to IVIG exposure during hospitalization as IVIG-treated (n = 184) or non-
IVIG-treated (n = 132) [Figure 1].

Treatment protocols and exposure definition

All patients received comprehensive care according to hemodynamic status, organ perfusion, arrhythmia
burden, and treating-team judgment, including vasoactive or inotropic therapy, mechanical ventilation, renal
replacement therapy, and temporary MCS when clinically indicated. Intra-aortic balloon pump and
peripheral VA-ECMO were used for refractory cardiogenic shock or persistent hypoperfusion despite
pharmacological support.

IVIG was prescribed at the treating team's discretion, without a study-mandated dose or schedule. Both
centers used the same 5% human immunoglobulin preparation (Human Immunoglobulin [pH4] for
Intravenous Injection; Hualan Bio, Xinxiang, China). Actual daily doses ranged from 5 to 20 g and treatment
duration from 1 to 5 days. Cumulative exposure was categorized as < 10 g (n = 65), 10 to < 20 g (n = 83), or
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Hospitalized patients with suspected FM
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Figure 1. Flowchart of patient selection and enrollment. Patients admitted with suspected fulminant myocarditis (FM) between January
2020 and January 2025 were screened at two tertiary centers (n = 404). Sequential exclusions were age < 18 years (n = 4), admission left
ventricular ejection fraction (LVEF) > 50% (n =18), pre-existing myocardial disease (n = 5), acute coronary syndrome (n = 31), sepsis-
related myocardial injury (n =14), and hypovolemic shock or unstable hemodynamics attributable to an alternative cause (n =16). The
final cohort comprised 316 adults, including 184 I1VIG-treated and 132 non-IVIG-treated patients.

220 g (n = 36), representing low, intermediate, and higher observed exposure, respectively. IVIG was not
administered according to a fixed weight-based protocol; weight-adjusted exposure was calculated
retrospectively. Treatment timing was defined as the interval from hospital admission to the first IVIG dose,
with initiation within 4 days classified as early and initiation after 4 days as delayed; 3- and 5-day thresholds
were examined in sensitivity analyses.

Methylprednisolone was administered to all 184 IVIG-treated patients and 60 of 132 non-IVIG-treated
patients. Intravenous methylprednisolone was given at 200-500 mg/day for 3-5 days and subsequently
tapered according to clinical response, using the same overall treatment framework at both centers.
Neuraminidase inhibitors and empirical antibacterial therapy were administered when clinically indicated
and were not determined by IVIG exposure. Detailed information regarding IVIG formulation, infusion
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procedures, weight-adjusted exposure, safety monitoring, corticosteroid tapering, and antiviral and
antibacterial regimens is provided in Supplementary Table 1.

Data collection and clinical definitions

Demographic characteristics, presenting symptoms, admission vital signs, laboratory measurements, imaging
findings, organ-support therapies, and in-hospital outcomes were abstracted from electronic medical records
using a standardized case report form. Baseline variables included age, sex, blood pressure, cardiac troponin I
(cTnl), N-terminal pro-B-type natriuretic peptide (NT-proBNP), white blood cell count, high-sensitivity C-
reactive protein (hsCRP), alanine aminotransferase, aspartate aminotransferase, creatinine, circulating
cytokines, and admission LVEF. Center, admission year, symptom-to-admission interval, interhospital
transfer, residence, insurance/payment category, distance to the tertiary center, admission lactate, Sequential
Organ Failure Assessment score, vasoactive-inotropic score within 24 h, and MCS initiated within 24 h were
collected to characterize healthcare access, treatment selection, and early disease severity. Serial
echocardiographic and laboratory data were also abstracted for descriptive analyses of admission, nadir, and
discharge LVEF and in-hospital cardiac and inflammatory biomarker profiles.

The primary outcome was all-cause in-hospital mortality. Secondary outcomes were acute hepatic or renal
dysfunction and successful ECMO weaning with survival to discharge. Acute hepatic or renal dysfunction
was a composite of acute liver injury (ALI) and/or Kidney Disease: Improving Global Outcomes (KDIGO)-
defined acute kidney injury (AKI). ALI was defined as persistent elevation of alanine aminotransferase or
aspartate aminotransferase to > 3 times the upper limit of normal. All patients requiring continuous renal
replacement therapy (CRRT) were classified as having AKI. For cumulative-incidence analyses of ALI/AKI,
the first occurrence of ALI/AKI was the event of interest; in-hospital death before ALI/AKI and discharge
alive without prior ALI/AKI were treated as competing events. Successful ECMO weaning with survival to
discharge was defined as ECMO decannulation followed by survival to hospital discharge. For ECMO time-
to-event analyses, time zero was the date of ECMO cannulation, and the event time was the date of ECMO
decannulation in patients who subsequently survived to discharge. Death before qualifying for successful
weaning was treated as a competing event. A patient who was decannulated but subsequently died before
discharge would not be classified as having achieved the endpoint and would instead be coded as a
competing death at the date of death. In the present cohort, no patient underwent heart transplantation
before ECMO weaning, was transferred or discharged while receiving ECMO, or died after ECMO
decannulation but before hospital discharge.

Histopathological and immunohistochemical analysis

Histopathological analyses were restricted to clinically indicated endomyocardial biopsy specimens obtained
during hospitalization; tissue acquisition was not mandated by the study protocol. Specimens were eligible
when sufficient myocardium was available for hematoxylin-and-eosin staining and immunohistochemical
assessment and when tissue processing, staining, and image quality permitted reliable quantification.
Specimens with insufficient myocardial tissue, substantial processing artifact, or inadequate staining were
excluded.

Eleven patients met these criteria, including 6 IVIG-treated and 5 non-IVIG-treated patients. Formalin-
fixed, paraffin-embedded sections (4 pm) were stained with hematoxylin and eosin. Immunohistochemistry
was performed using antibodies against myeloperoxidase (MPO; Abcam, ab109116, clone EPR4792, 1:250),
CDe68 (Abcam, ab125157, 1:100), CD3 (Abcam, ab17143, clone F7.2.38, 1:20), and CD20 (Abcam, ab78237,
clone EP459Y, 1:50) to identify neutrophils, macrophages, T cells, and B cells, respectively. Five non-
overlapping myocardium-containing high-power fields per marker were evaluated for each specimen,
excluding endocardium, thrombus, and areas with major processing artifact. Positive cells were quantified as
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cells/mm* using QuPath version 0.4.4. Two pathologists, blinded to treatment allocation, independently
reviewed the specimens and quantitative results.

Statistical analysis

Continuous variables are presented as median (Q1, Q3) and were compared using the Mann-Whitney U test.
Categorical variables are presented as n (%) and were compared using the chi-square test or Fisher's exact
test, as appropriate. Variable-level missingness is reported in Supplementary Table 2; no listed variable had
> 5% missing observations. Missing covariate values were handled using multiple imputation by chained
equations with 20 imputed datasets, and estimates were pooled using Rubin's rules.

For all-cause in-hospital mortality, Kaplan-Meier curves were compared using log-rank tests, and
multivariable Cox proportional-hazards models were used for adjusted analyses. Time zero was hospital
admission, and patients discharged alive were censored on their discharge dates. Numbers at risk were
generated from the same survival objects used to estimate the Kaplan-Meier curves. IVIG initiation was
additionally modeled as a time-varying exposure to address immortal-time bias. Proportional-hazards
assumptions were assessed using Schoenfeld residuals.

For ALI/AKI, cumulative incidence functions were estimated using the Aalen-Johansen method and
compared using Gray's test, with in-hospital death before ALI/AKI and discharge alive without prior
ALI/AKI treated as competing events. Adjusted associations were estimated using cause-specific Cox
proportional-hazards models. Because methylprednisolone use differed substantially between treatment
groups, a prespecified analysis was restricted to methylprednisolone-treated patients. Propensity-score
overlap weighting was additionally performed in this cohort, with covariate balance assessed using absolute
standardized mean differences; values < 0.10 were considered acceptable.

For successful ECMO weaning with survival to discharge, cumulative incidence functions were estimated
using the Aalen-Johansen method and compared using Gray's test, with death before qualifying for
successful weaning treated as a competing event. Time zero was ECMO cannulation. The Fine-Gray
subdistribution hazards model was used for the primary adjusted analysis, with cause-specific Cox,
accelerated failure-time, and penalized logistic models used as sensitivity analyses. Exact model-specific
covariates, censoring rules, competing-event definitions, and analytic specifications are summarized in
Supplementary Table 3.

Dose- and timing-related analyses were exploratory. A day-4 landmark analysis evaluated subsequent
mortality according to cumulative IVIG exposure, and alternative early-treatment thresholds of 3, 4, and 5
days were examined. Clinical subgroup analyses were performed according to white blood cell count, alanine
aminotransferase, aspartate aminotransferase, and creatinine. All tests were two-sided, with P < 0.05
considered statistically significant. Analyses were performed using R version 4.2.2.

RESULTS

Study population and baseline characteristics

Among 404 patients screened for suspected FM, 316 met the eligibility criteria; 184 received IVIG, and 132
did not [Figure 1]. The cohort included 149 patients from Tongji Hospital and 167 from the First Affiliated
Hospital of Zhengzhou University. The median age was 38.00 years (Q1, Q3: 25.00, 53.00), and 157 patients
(49.68%) were male [Table 1].

Most admission vital signs, cardiac and inflammatory biomarkers, organ-function indices, cytokines, and
admission LVEF did not differ significantly between groups. Nevertheless, treatment allocation was clearly
nonrandom: IVIG-treated patients were admitted in more recent years, had a shorter symptom-to-admission
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Table 1. Baseline characteristics, healthcare access proxies, and admission severity indicators
. Total IVIG Non-IVIG
Variable (n=316) (n=184) (=132 P value

Demographics, symptoms, and admission vital signs
Age, years

Sex, male

SBP, mmHg

DBP, mmHg

Fever

Chest distress

Chest pain

Dyspnea

Syncope

Gastrointestinal symptoms

Admission biomarkers and cardiac function

cTnl, pg/mL

NT-proBNP, pg/mL

WBC, 10°/L
hsCRP, mg/L

ALT, IU/L

AST, IU/L
Creatinine, pmol/L
IL-1B, pg/mL
IL-2R, IU/mL

IL-6, pg/mL

IL-8, pg/mL

IL-10, pg/mL
TNF-0, pg/mL
Admission LVEF, %

Center, healthcare-access proxies, and early severity
indicators

Center: First Affiliated Hospital of Zhengzhou
University

Admission year

Symptom-to-admission interval, days
Interhospital transfer

Rural residence

Urban employee/commercial insurance

Distance to tertiary center, km

Admission lactate, mmol/L

Admission SOFA score

Vasoactive-inotropic score within 24 h

MCS initiated within 24 h

Coronary angiography or coronary CTA performed

Cardiac MRI performed

38.00 (25.00, 53.00)
157 (49.68)

102.00 (92.00, 110.00)
67.00 (50.00, 81.00)
120 (37.97)

154 (48.73)

88 (27.85)

30(9.49)

29(9.18)

56 (17.72)

19,675.60
(15,980.42, 39,456.00)

6,738.00
(5,349.20, 18,663.00)

11.40 (10.17,12.91)
36.65 (20.65,105.40)
58.00 (42.00, 124.00)
155.50 (80.08, 228.75)
89.46 (66.00, 124.41)
3.38(2.17,11.62)
558.00 (311.00, 859.25)
18.73 (6.06, 79.15)
28.70 (1110, 49.60)
5.00 (5.00,10.40)
10.90 (8.60, 14.33)
42.00 (30.00, 49.00)

167 (52.85)

2022.00
(2021.00, 2023.25)

3.30(2.00,5.53)
156 (49.37)

103 (32.59)

141 (44.62)

86.60 (37.87,186.22)
4.28 (2.83,6.14)
7.00 (4.00,9.00)
29.70 (17.58, 47.98)
133 (42.09)
287(90.82)

122 (38.61)

38.00 (24.00, 50.25)
84 (45.65)

99.50 (92.00, 110.00)
65.00 (50.50, 80.50)
66 (35.87)

87 (47.28)

49 (26.63)

20 (10.87)

19 (10.33)

27 (14.67)

20,305.33
(15,949.49, 34,664.88)

6,976.00
(5,166.21,14,996.00)

11.48 (9.50, 12.55)
40.46 (19.98, 75.55)
61.00 (41.75,152.00)
163.30 (79.80, 248.25)
89.00 (66.00, 131.00)
3.08 (2.17,11.62)

540.00 (312.00, 859.25)

14.57 (3.87, 86.12)
29.40 (11.30, 58.15)
5.00 (5.00, 9.80)
10.90 (8.60, 14.40)
40.00 (30.00, 48.25)

96 (52.17)

2022.00
(2021.00, 2024.00)

3.00(1.90, 4.72)

98 (53.26)
52(28.26)

93 (50.54)
88.32(38.70,190.87)
4.55(2.99, 6.29)
7.00 (4.00,9.00)
33.50 (22.48,51.70)
107 (58.15)

174 (94.57)

62 (33.70)

42.00 (26.75, 55.00)
73 (55.30)

102.00 (93.00, 113.00)
70.00 (50.00, 82.00)
54 (40.91)

67 (50.76)

39 (29.55)

10 (7.58)

10 (7.58)

29 (21.97)

18,928.90
(15,980.42, 47,294.74)

6,736.04
(5,400.26, 22,401.29)

11.37 (10.29, 14.66)
34.95 (21.27,138.60)
56.00 (43.75, 78.25)
147.60 (80.95, 212.75)
90.23 (66.92,113.27)
5.87(2.00,32.32)

583.50 (299.50, 851.00)

19.50 (10.53, 59.41)
25.60 (8.10, 42.78)
5.50 (5.00, 10.80)
10.90 (9.00, 13.65)
48.00 (29.00, 50.00)

71(53.79)

2022.00
(2020.75, 2023.00)

4.00(2.30, 6.93)
58 (43.94)
51(38.64)

48 (36.36)
83.32(36.72,177.51)
3.99 (2.28,5.94)
7.00 (4.00, 9.00)
25.55 (11.53, 41.38)
26 (19.70)

13 (85.61)

60 (45.45)

0.190

0.091

0.239
0.256
0.363
0.542
0.569
0.325

0.404
0.094

0.298

0.154

0.094
0.084
0.543
0.518
0.848
0.141
0.375
0.306
0.067
0.163
0.714
0.122

0.866

0.002

0.001
0.128
0.069
0.017
0.981
0.043
0.466
< 0.001
< 0.001
0.012
0.045

Data are presented as n (%) or median (Q1, Q3). Baseline variables were compared using the Mann-Whitney U test for continuous variables and
the chi-square or Fisher exact test for categorical variables. SBP: Systolic blood pressure; DBP: diastolic blood pressure; cTnl: cardiac troponin I, NT-
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proBNP: N-terminal pro-B-type natriuretic peptide; WBC: white blood cell count; hsCRP: high-sensitivity C-reactive protein; ALT: alanine
aminotransferase; AST: aspartate aminotransferase; LVEF: left ventricular ejection fraction; CMR: cardiac magnetic resonance; CTA: computed
tomography angiography; IVIG: intravenous immunoglobulin; MCS: mechanical circulatory support; SOFA: Sequential Organ Failure Assessment.

Table 2. In-hospital management and clinical outcomes

Variable Total IViG Non-IVIG Pvalue
(n=316) (n=184) (n=132)
Methylprednisolone 244 (77.22) 184 (100.00) 60 (45.45) < 0.001
Any MCS (IABP and/or ECMO) 180 (56.96) 145 (78.80) 35(26.52) < 0.001
IABP 147 (46.52) 121(65.76) 26 (19.70) < 0.001
ECMO 79 (25.00) 61(33.15) 18 (13.64) < 0.001
Temporary pacemaker 44 (13.92) 40 (21.74) 4 (3.03) < 0.001
CRRT 52 (16.46) 44 (23.91) 8 (6.06) < 0.001
Endotracheal intubation 73(23.10) 41(22.28) 32(24.24) 0.785
Norepinephrine 216 (68.35) 135 (73.37) 81(61.36) 0.032
Dopamine or dobutamine 194 (61.39) 124 (67.39) 70 (53.03) 0.014
Neuraminidase inhibitor 232(73.42) 147 (79.89) 85 (64.39) 0.003
Empirical antibacterial therapy 197 (62.34) 115 (62.50) 82(62.12) 1.000
ALI/AKI 125 (39.56) 53 (28.80) 72 (54.55) < 0.001
In-hospital death 68 (21.52) 17 (9.24) 51(38.64) < 0.001

Data are presented as n (%). The ALI/AKI composite comprised persistent ALT or AST elevation > 3 times the upper limit of normal and/or Kidney
Disease: Improving Global Outcomes-defined AKI; all patients receiving CRRT were classified as having AKI. MCS was defined as use of IABP
and/or ECMO. MCS: Mechanical circulatory support; IABP: intra-aortic balloon pump; ECMO: extracorporeal membrane oxygenation; CRRT:
continuous renal replacement therapy; ALI: acute liver injury; AKl: acute kidney injury; IVIG: intravenous immunoglobulin.

interval, more often had urban employee or commercial insurance, and had higher admission lactate, 24-h
vasoactive-inotropic scores, and more frequent MCS use within 24 h [Table 1]. Coronary angiography or
coronary computed tomography angiography was performed in 287 patients, and cardiac magnetic
resonance imaging was performed in 122, of whom 103 had Lake Louise-compatible findings. Missingness
was < 5% for each listed variable [Supplementary Table 2].

In-hospital management and crude outcomes

In-hospital management differed substantially between groups [Table 2]. Methylprednisolone was
administered to all 184 IVIG-treated patients and to 60 of 132 non-IVIG-treated patients. MCS was used in
145 IVIG-treated and 35 non-IVIG-treated patients, and intra-aortic balloon pump, ECMO, temporary
pacing, CRRT, and vasoactive agents were generally used more frequently in the IVIG group.

In-hospital death occurred in 17 IVIG-treated patients (9.24%) and 51 non-IVIG-treated patients (38.64%).
The ALI/AKI composite occurred in 53 IVIG-treated patients (28.80%) and 72 non-IVIG-treated patients
(54.55%) [Table 2].

Association between IVIG use and in-hospital mortality

The Kaplan-Meier curves separated early and remained divergent through discharge [Figure 2A]. In the
primary multivariable Cox model, IVIG use was associated with a lower hazard of in-hospital death (hazard
ratio [HR], 0.23; 95% confidence interval [95%CI]: 0.14-0.40; P < 0.001). Modeling IVIG initiation as a time-
varying exposure yielded a similar association (HR, 0.15; 95%CI: 0.08-0.29; P < 0.001) [Table 3].

The methylprednisolone-treated cohort comprised 184 IVIG-treated and 60 non-IVIG-treated patients, with
17 and 18 deaths, respectively. Survival curves remained separated after restriction to this cohort [Figure 2B],
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Figure 2. Survival, ALI/AKI, and ECMO weaning curves according to IVIG use. (A) Kaplan-Meier survival curves in the overall FM cohort
(n =316). (B) Kaplan-Meier survival curves in methylprednisolone-treated patients (n = 244). (C) Kaplan-Meier survival curves in
methylprednisolone-treated patients without mechanical circulatory support (MCS; n = 64). (D) Kaplan-Meier survival curves in
methylprednisolone-treated patients with MCS (n =180). (E) Aalen-Johansen cumulative incidence of ALl and/or AKl in the overall
cohort. (F) Aalen-Johansen cumulative incidence of ALI/AKI in methylprednisolone-treated patients without MCS. (G) Aalen-Johansen
cumulative incidence of ALI/AKI in methylprednisolone-treated patients with MCS. (H) Aalen-Johansen cumulative incidence of
successful ECMO weaning with survival to discharge in all ECMO-supported patients (n = 79). (1) Aalen-Johansen cumulative incidence of
successful ECMO weaning with survival to discharge in ECMO-supported patients receiving methylprednisolone (n = 73). ALI/AKI was
defined as persistent alanine aminotransferase or aspartate aminotransferase elevation > 3 times the upper limit of normal and/or Kidney
Disease: Improving Global Outcomes (KDIGO)-defined AKI; all patients receiving continuous renal replacement therapy were classified as
having AKI. For (E-G), in-hospital death before ALI/AKI and discharge alive without prior ALI/AKI were treated as competing events. For
(H and 1) time zero was ECMO cannulation and death before qualifying for successful ECMO weaning was treated as a competing event.
Displayed P values are from log-rank tests for (A-D) and Gray's tests for (E-I). Patients discharged alive in (A-D) were censored on their
actual discharge dates, and the displayed numbers at risk were generated directly from the same survival objects used to estimate the
Kaplan-Meier curves.
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Table 3. Association of IVIG use with clinical outcomes: primary, confounding-control, and sensitivity analyses

Outcome Analysis population Statistical model E;;';: 2:'; P value
In-hospital mortality ?l\\l/ira?aqg;ogggeaths) Multivariable Cox ?0313'_203.40) <0.001
In-hospital mortality E)'\\l/e:rzqg;oggr;eaths) ;i(r;ss-jfependent Cox; IVIG as a time-varying (HOR.C?S.E).Z‘)) <0.00]
In-hospital mortality ?ﬁlet:hgfg?ggizzgr;;treated cohort Multivariable Cox (HOR.008.1—0.27) <0.001
In-hospital mortality ?ﬁlet:hgfg?ggizzgr;;treated cohort Propensity-score overlap-weighted Cox (HOR.OO7.?CA)1.87) 0.030
ALI/AK] E),\\l/e,\:rzqg;o1k12c>5rtevents) iiljjseel-speciﬁc Cox proportional-hazards ?033%?3,61) <0001
ECMO support duration (Eﬁl\:/l?;)upported cohort Accelerated failure-time model 252()43342) <0.001
Successful ECMO weaning with  ECMO-supported cohort Penalized logistic regression; 1,000-bootstrap ~ OR 5.57

survival to discharge (N =79; 56 events) Cl (2.45-13.10)

HR values < 1favor IVIG for mortality and ALI/AKI; sHR values > 1 favor IVIG for successful ECMO weaning; TR values < 1indicate shorter ECMO
support duration. The time-dependent Cox model treated IVIG initiation as a time-varying exposure. Propensity-score overlap weighting was
performed in the methylprednisolone-treated cohort; covariate balance is reported in Supplementary Table 4. For the penalized logistic model, the
95%Cl was obtained from 1,000 bootstrap resamples and no separate model-based P value is reported. ALI: Acute liver injury; AKl: acute kidney
injury; HR: hazard ratio; sHR: subdistribution hazard ratio; TR: time ratio; OR: odds ratio; Cl: confidence interval; ECMO: extracorporeal membrane
oxygenation; IVIG: intravenous immunoglobulin.

and IVIG use was associated with lower mortality after multivariable adjustment (HR, 0.15; 95%CI: 0.08-0.27;
P < 0.001) [Table 3]. The unadjusted association was also evident among methylprednisolone-treated
patients without MCS and among those receiving MCS [Figure 2C and D].

Overlap weighting substantially improved measured covariate balance in the methylprednisolone-treated
cohort; every post-weighting absolute standardized mean difference was < 0.10 [Supplementary Table 4]. The
overlap-weighted Cox model remained directionally consistent with the primary analysis (HR, 0.24; 95%CI:
0.07-0.87; P = 0.030) [Table 3].

Acute hepatic or renal dysfunction and ECMO weaning

The Aalen-Johansen cumulative incidence of ALI/AKI was lower among IVIG-treated patients in the overall
cohort and in the methylprednisolone-treated strata with and without MCS [Figure 2E-G]. In the cause-
specific Cox proportional-hazards model, IVIG use was associated with a lower hazard of ALI/AKI (HR,
0.43; 95%CI: 0.30-0.61; P < 0.001) [Table 3].

Among 79 ECMO-supported patients, 50 of 61 IVIG-treated patients (81.97%) and 6 of 18 non-IVIG-treated
patients (33.33%) achieved successful weaning with survival to discharge. The cumulative incidence of
successful ECMO weaning with survival to discharge was higher among IVIG-treated patients in the full
ECMO cohort and after restriction to methylprednisolone-treated patients [Figure 2H and I]. In the Fine-
Gray model, IVIG use was associated with a higher subdistribution rate of successful weaning with survival
(sHR, 5.89; 95%CI: 2.96-11.73; P < 0.001). Cause-specific Cox, accelerated failure-time, and penalized logistic
analyses yielded concordant estimates [Table 3].
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Figure 3. Exploratory dose- and timing-stratified outcomes among |VIG-treated patients. (A) Kaplan-Meier survival curves among patients
who received IVIG plus methylprednisolone and MCS, stratified by cumulative IVIG dose (<10 g, n=15;10to<20g,n=59,220 g,
n=71). (B) Aalen-Johansen cumulative incidence of ALI/AKI in the same MCS-treated dose groups. (C) Aalen-Johansen cumulative
incidence of successful ECMO weaning with survival to discharge among ECMO-supported patients receiving IVIG plus
methylprednisolone, stratified by cumulative IVIG dose (< 10g,n=9;10to< 20 g, n=16;220 g, n =36). (D) Kaplan-Meier survival
curves in the 210 g subgroup, stratified by IVIG initiation within 4 days of admission versus later initiation (£ 4 days, n = 60; > 4 days,
n=70). (E) Kaplan-Meier survival curves in the < 10 g subgroup, stratified by treatment timing (< 4 days, n =9; > 4 days, n = 6). (F)
Aalen-Johansen cumulative incidence of ALI/AKI in the 2 20 g subgroup, stratified by treatment timing (£ 4 days, n = 28; > 4 days,
n = 43). (G) Aalen-Johansen cumulative incidence of ALI/AKI in the 10 to < 20 g subgroup, stratified by treatment timing (< 4 days,
n =32; > 4 days, n = 27). (H) Aalen-Johansen cumulative incidence of ALI/AKI in the < 10 g subgroup, stratified by treatment timing
(£ 4 days, n =9; > 4 days, n = 6). (D-H) were restricted to patients receiving IVIG plus methylprednisolone and MCS. For the timing-
stratified survival analyses in (D and E), cumulative IVIG dose was displayed as < 10 g versus 2 10 g, whereas the original three
dose categories were retained for the ALI/AKI analyses in (F-H). Day 4 was measured from hospital admission. For ALI/AKI
cumulative-incidence analyses, in-hospital death before ALI/AKI and discharge alive without prior ALI/AKI were treated as
competing events. For (C), death before qualifying for successful ECMO weaning was treated as a competing event. Displayed P
values are from log-rank tests for ( A, D, and E) and Gray's tests for (B, C, and F-H). Patients discharged alive in the Kaplan-Meier

analyses were censored on their actual discharge dates, and the displayed numbers at risk were generated directly from the corresponding
survival objects.

Exploratory dose- and timing-related analyses

Within the methylprednisolone- and MCS-treated subgroup, survival and ALI/AKI curves differed across
dose categories [Figure 3A and B]; dose-stratified time-to-weaning curves are shown for the ECMO-
supported subgroup [Figure 3C]. IVIG was initiated within 4 days of admission in 105 patients and after 4
days in 79 [Supplementary Table 5]. In descriptive analyses stratified by cumulative dose, initiation by day 4
was associated with more favorable survival and ALI/AKI curves than later initiation [Figure 3D-H].

Associations with mortality were directionally consistent using early-treatment thresholds of 3 days
(HR, 0.16; 95%CI: 0.04-0.72), 4 days (HR, 0.15; 95%CI: 0.04-0.53), and 5 days (HR, 0.27; 95%CI: 0.10-0.73). In
the day-4 landmark analysis, a cumulative dose of 10 to < 20 g was associated with lower subsequent
mortality than < 10 g (HR, 0.26; 95%CI: 0.08-0.82; P = 0.022), whereas the estimate for 2 20 g was similar in
direction but imprecise (HR, 0.26; 95%CI: 0.03-1.99; P = 0.193) [Supplementary Table 5]. These analyses were
exploratory and did not identify a definitive dose or treatment window.
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Figure 4. Cardiac function and in-hospital cardiac and inflammatory biomarker profiles according to IVIG use. (A-C) show
methylprednisolone-treated patients without MCS (IVIG, n = 39; non-IVIG, n = 25). (A) admission, lowest in-hospital, and discharge LVEF.
(B) in-hospital cTnl, NT-proBNP, and hsCRP. (C) heatmap of circulating cytokine differences between groups. (D-F) show
methylprednisolone-treated patients receiving MCS (IVIG, n = 145; non-1VIG, n = 35). (D) admission, lowest in-hospital, and discharge
LVEF. (E) in-hospital cTnl, NT-proBNP, and hsCRP. (F) heatmap of circulating cytokine differences between groups. Heatmap color
represents log2 fold change for IVIG relative to non-1VIG, and the numbers within cells are P values. Dot-bar plots show individual
observations with mean + standard error of the mean. Group comparisons used the Mann-Whitney U test. **P < 0.01, ***P < 0.001, ****P
< 0.0007; ns: not significant.

Cardiac function, biomarkers, and exploratory histopathology

Among methylprednisolone-treated patients without MCS, admission LVEF was similar between groups,
whereas the lowest in-hospital and discharge LVEF values were higher in IVIG-treated patients [Figure 4A].
In-hospital ¢Tnl, NT-proBNP, and hsCRP levels were lower with IVIG [Figure 4B], and circulating cytokines
were generally lower [Figure 4C]. The same pattern was observed among methylprednisolone-treated
patients receiving MCS: admission LVEF was comparable, lowest and discharge LVEF values were higher
with IVIG [Figure 4D]; cardiac injury and inflammatory biomarkers were lower [Figure 4E]; and all
measured cytokines were lower in the IVIG group [Figure 4F].

Clinically indicated endomyocardial biopsy specimens were available for 11 patients (IVIG, n = 6; non-IVIG,
n =5), with a median admission-to-biopsy interval of 4.80 days [Supplementary Table 6]. IVIG-treated
specimens had lower histological inflammatory scores and lower densities of myeloperoxidase-positive
neutrophils, CD68-positive macrophages, and CD3-positive T cells; CD20-positive B-cell density did not
differ significantly [Figure 5]. This selected tissue analysis was exploratory.

Clinical subgroup analyses

Across the evaluated strata of white blood cell count, alanine aminotransferase, aspartate aminotransferase,
and creatinine, all mortality HR point estimates favored IVIG [Figure 6 and Supplementary Figure 1].
Adjusted HRs ranged from 0.17 to 0.30; these subgroup estimates were exploratory and were not interpreted
as evidence of effect modification.

DISCUSSION

In this two-center retrospective cohort of 316 adults with FM, IVIG treatment was associated with lower in-
hospital mortality, less acute hepatic or renal dysfunction, and a higher cumulative incidence of successful
ECMO weaning with survival to discharge. These associations remained directionally consistent after
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Figure 5. Exploratory histological and immunohistochemical findings in patients with available endomyocardial biopsy specimens. (A)
representative hematoxylin-and-eosin-stained myocardial sections from IVIG-treated and non-1VIG-treated patients. (B) semiquantitative
histological inflammatory scores. (C) representative immunohistochemical staining for myeloperoxidase (MPO), CD68, CD3, and CD20.
(D) densities of MPO-positive neutrophils, CD68-positive macrophages, CD3-positive T cells, and CD20-positive B cells. Quantitative
analyses included 6 IVIG-treated and 5 non-1VIG-treated patients, and each point represents one patient. Tissue acquisition was clinically
indicated; the analysis was exploratory. Scale bar = 100 um. Comparisons used the Mann-Whitney U test. *P < 0.05, **P < 0.071; ns: not
significant.

multivariable adjustment, restriction to methylprednisolone-treated patients, propensity-score overlap
weighting, time-dependent exposure modeling, and competing-risk analyses. IVIG-treated patients also
showed more favorable trajectories of LVEF, cardiac injury biomarkers, systemic inflammatory markers, and
myocardial inflammatory-cell infiltration. Nevertheless, because treatment allocation was nonrandomized
and IVIG was embedded within a more intensive treatment pathway, the findings should be interpreted as
evidence of association rather than proof of an independent causal effect.

We found a consistent association between IVIG exposure and lower in-hospital mortality. This association
remained evident after restricting the analysis to patients who received methylprednisolone, thereby
comparing methylprednisolone plus IVIG with methylprednisolone without IVIG rather than contrasting
two markedly different immunomodulatory strategies. The result extends an earlier adult retrospective study
in which IVIG was associated with improved ventricular recovery and fewer arrhythmic events, although a
mortality difference was not established"””. Pediatric evidence has also suggested possible benefit, but
differences in etiology, immune phenotype, spontaneous recovery, and treatment practice preclude direct
extrapolation to adult FM"\. Clinically, the persistence of the association across conventional and weighted
models supports further evaluation of IVIG as an adjunct to corticosteroid-containing care in selected
patients. However, residual confounding from referral patterns, socioeconomic position, treatment
availability, and clinician selection remains plausible, and the magnitude of the observed effect should not be
regarded as a treatment estimate equivalent to that obtained from a randomized trial.

Another major finding was that IVIG treatment was associated with less acute hepatic or renal dysfunction
and with more favorable cardiac and inflammatory trajectories. These observations are biologically
compatible with the pleiotropic actions of pooled IgG, including modulation of activating and inhibitory Fcy
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Figure 6. Kaplan-Meier survival curves within selected clinical subgroups. Kaplan-Meier curves for in-hospital survival were stratified by
IVIG use within subgroups defined by admission white blood cell count (WBC), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and serum creatinine. (A) WBC >10 X 10°/L. (B) WBC <10 X 10°/L. (C) ALT > 40 IU/L. (D) AST > 40 IU/L. (E)
creatinine >110 pmol/L. (F) creatinine <110 pmol/L. Patients discharged alive were censored on their actual dates of hospital discharge,
and displayed numbers at risk were generated directly from the same survival objects used to estimate the Kaplan-Meier curves.
Displayed P values are from log-rank tests.

-receptor signaling, complement interception, neutralization of pathogenic antibodies or inflammatory
mediators, and regulation of innate and adaptive immune responses'”'*’. Such mechanisms are relevant to
FM, in which CCR2-dependent monocyte recruitment contributes to myocardial inflammation?/,
neutrophil activation and neutrophil extracellular trap formation can amplify cardiomyocyte injury and
fibrotic signaling®, and spatially organized interactions among endothelial cells, recruited leukocytes,
fibroblasts, and stressed cardiomyocytes shape tissue damage'”’. The lower hsCRP and cytokine levels,
improved ¢Tnl and NT-proBNP trajectories, and reduced MPO-positive, CD68-positive, and CD3-positive
cell densities in IVIG-treated patients are therefore mechanistically coherent. However, these findings do not
demonstrate mediation: biomarker sampling was not uniform, myocardial tissue was available in only 11
selected patients, and Fcy-receptor signaling, complement activation, viral persistence, autoantibodies, and
immune-cell state transitions were not directly measured.

A further finding concerned ECMO recovery and the exploratory dose- and timing-related analyses. Among
ECMO-supported patients, IVIG treatment was associated with a higher cumulative incidence of successful
weaning with survival and a shorter observed duration of support. This observation is clinically relevant
because early myocardial recovery is a principal determinant of outcome during VA-ECMO support in
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FM"?, whereas successful weaning requires integrated assessment of hemodynamic, biochemical, and
echocardiographic recovery rather than reliance on a single marker””. Even so, the non-IVIG ECMO
subgroup was small, producing a large effect estimate with wide uncertainty; differences in ECMO initiation,
ventricular unloading, anticoagulation, weaning assessment, and withdrawal practices may also have
contributed. Likewise, the lower event rates associated with earlier and greater cumulative IVIG exposure
should be considered exploratory. Cumulative dose is a post-baseline exposure subject to survivorship bias,
and the 4-day threshold was an operational cutoff rather than a prospectively validated biological window.
The landmark and alternative-cutoff analyses reduced, but did not eliminate, these limitations and therefore
do not establish an optimal dose or definitive treatment window.

The study has several strengths, including a relatively large adult FM cohort, detailed organ-support data,
correction of the renal outcome definition so that all patients receiving continuous renal replacement therapy
were classified as having AKI, and complementary analyses addressing measured confounding, immortal-
time bias, and competing risks. Important limitations remain. FM was diagnosed predominantly on clinical
grounds; endomyocardial biopsy remains important in selected patients with shock, malignant arrhythmias,
or suspected treatment-responsive histological subtypes®**), whereas cardiac magnetic resonance improves
noninvasive diagnostic confidence when contemporary tissue-characterization criteria are fulfilled”**).
Propensity-score overlap weighting improved measured covariate balance”, and time-dependent exposure
modeling reduced immortal-time bias"*”, but neither approach can remove unmeasured confounding or fully
emulate treatment assignment in a target trial. All IVIG-treated patients received methylprednisolone,
advanced life support was more frequent in the IVIG group, no independent validation cohort was available,
and long-term remodeling, transplantation, arrhythmias, functional status, and quality of life were not
assessed. IVIG-related adverse events were not prospectively adjudicated; although randomized evidence has
not shown a clear overall increase in thromboembolic events”', renal and thrombotic risks remain clinically
relevant in patients with shock, vascular cannulation, and multiorgan dysfunction and require attention to
formulation, dose, infusion rate, and baseline kidney function"?.

In conclusion, IVIG treatment within a corticosteroid-containing comprehensive care pathway was
associated with more favorable in-hospital outcomes in adults with FM, but the observational design,
treatment imbalance, diagnostic heterogeneity, and absence of external validation preclude causal or
practice-changing conclusions. Prospective multicenter studies should standardize diagnostic adjudication,
corticosteroid exposure, IVIG formulation and weight-adjusted dose, timing from symptom onset and
admission, ECMO management, and adverse-event surveillance while incorporating viral, immunological,
and histological phenotyping.
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