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Background: Although temporary mechanical circulatory supports (tMCS) combined with immunoregulatory therapy (IT) can reduce
the mortality of patients with fulminant myocarditis (FM), a considerable proportion still progress to chronic persistent cardiac
dysfunction. It is unclear if angiotensin-converting enzyme (ACE) inhibitors can further prevent such dysfunction under tMCS
combined with IT.

Methods: This multicenter, retrospective, observational study included 124 FM patients with a left ventricular ejection fraction
(LVEF) < 40%. Among them, 90 (72.58%) received ACE inhibitors and 34 (27.42%) did not. Patients had echocardiography during
follow-up. Logistic regression analysis, subgroup analysis, and restricted cubic spline modeling were used to identify clinical variables
associated with the primary outcome.

Results: The primary outcome was defined as an LVEF < 55% at the last follow-up. The median follow-up was 12 (6, 18) months. 46
patients (37.1%) had an LVEF < 55% at the last follow-up. Among them, 25 (27.78%) received ACE inhibitors and 21 (61.76%) did not.
In the non-ACE inhibitors group, LVEF declined from baseline over 24 months. Among the 49 patients (39.52%) with a left ventricular
end-diastolic dimension (LVEDD) > Scm at admission, 29 (59.18%) had an LVEF < 55% at the last follow-up. 15 patients (51.72%) took
ACE inhibitors and 14 (48.28%) did not. Multivariate logistic regression analysis revealed that ACE inhibitors (HR = 0.19, 95% CI:
0.04-0.96, P = 0.045) and LVEDD (HR = 9.18, 95% CI: 2.73-30.83, P < 0.001) were independently associated with an LVEF < 55% at
the last follow-up, and the risk increased linearly with LVEDD (P for nonlinear > 0.05).

Conclusion: ACE inhibitors may improve left ventricular (LV) function and prevent chronic persistent cardiac dysfunction in FM
patients. Although they can partially reverse LV remodeling, increased LVEDD during long-term follow-up may reduce their
therapeutic benefits.

Keywords: fulminant myocarditis, chronic persistent cardiac dysfunction, angiotensin-converting enzyme inhibitors, left ventricular
ejection fraction

Introduction
Acute myocarditis (AM) is characterized by inflammation of the myocardium and exhibits a wide spectrum of clinical
manifestations and prognoses, primarily triggered by viral infections or autoimmune diseases.' Fulminant myocarditis

(FM), as a severe form of myocarditis, presents with severe left ventricular (LV) systolic dysfunction and cardiogenic
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Graphical Abstract

124 FM patients with LVEF < 40% treated with t-MCS combined with IT
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shock, necessitating the use of inotropic agents or temporary mechanical circulatory support (tMCS).>* The acute phase
mortality rate of FM can reach as high as 45%-56%.% ¢ Nonetheless, the “Chinese Protocol”, which combines tMCS with
immunomodulatory therapy (IT), has significantly reduced the in-hospital mortality rate of patients with FM to 3.7%-
8.1%.” Although tMCS combined with IT was widely used in the early stages, studies have demonstrated that during
long-term follow-up, 24.2-29% of FM patients have a left ventricular ejection fraction (LVEF) < 55%, the heart
transplant rates range from 25.5% to 47.7%, and some patients even experience cardiac death, particularly in patients
with systolic dysfunction at admission.'®'® Therefore, how to prevent the progression of FM to chronic persistent
cardiac dysfunction remains a significant clinical challenge that urgently needs to be addressed.

Although there is currently no established long-term strategy for the management of cardiac function in patients with FM,
both the European Society of Cardiology guidelines and the “Chinese Protocol” advocate the use of standard treatments for
heart failure with reduced ejection fraction (HFrEF) regimens for managing these patients.”'* Angiotensin-converting enzyme
(ACE) inhibitors are the fundamental therapeutic agents for treating HFrEF and dilated cardiomyopathy.'>'® A small
observational study involving 35 patients with AM revealed that the continuous utilization of ACE inhibitors during long-
term follow-up can prevent the deterioration of LVEE.'!” Another study by Tara et al demonstrated that the utilization of ACE
inhibitors or angiotensin II receptor antagonists (ARBs) during hospitalization can reduce 90-day mortality and heart
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transplant rates in FM patients.'® However, currently there is limited understanding of the natural course of chronic persistent
cardiac dysfunction secondary to FM. It remains unclear whether patients with FM should continue to receive treatment with
ACE inhibitors after undergoing tMCS combined with IT. Additionally, the efficacy of ACE inhibitors in preventing chronic
persistent cardiac dysfunction in FM patients with an LVEF < 40% has not been verified. Although ACE inhibitors are widely
employed in FM patients, the absence of definitive evidence limits our understanding of their precise role in the management
of FM. Therefore, this study seeks to assess if ACE inhibitors can prevent the progression of chronic persistent cardiac
dysfunction in FM patients under tMCS combined with IT, with the aim of offering preliminary insights for optimizing
treatment plans for this high-risk population.

Methods
Study Design and Population

This is a multicenter, retrospective, observational study. From April 2016 to December 2023, a retrospective screening
was carried out on 281 patients suspected of having AM who were admitted to Tongji Hospital of Tongji Medical
College, Huazhong University of Science and Technology in Wuhan, China as well as relevant patients from Shanxi
Bethune Hospital in Taiyuan, China, and patients from Minda Hospital of Hubei Minzu University in Enshi, China
(Figure 1). The diagnosis of AM was based on one of the following criteria: (1) A diagnosis of myocarditis made by
endomyocardial biopsy (EMB); (2) Elevated levels of cardiac troponin and both “Lake Louise” cardiac magnetic
resonance (CMR) criteria being met.'” In this study, among 124 patients diagnosed with FM, 82 (66.13%) underwent
EMB before discharge, and 85 (68.55%) underwent CMR before discharge. Chronic persistent cardiac dysfunction was

defined as the persistence of cardiac symptoms for more than one month and an LVEF < 55% during follow-up.?%*!

The diagnosis of FM must satisfy the following inclusion criteria:***** (1) Meeting the diagnostic criteria for AM;
(2) Acute clinical manifestations characterized by the onset of cardiac symptoms within 30 days before admission; (3)
Presenting with prodromal symptoms of the virus and rapidly progressing to severe heart failure (HF) within the
subsequent two weeks; (4) The presence of significant hemodynamic instability that necessitates the use of inotropic
drugs and even mechanical circulatory support;>**> (5) The first echocardiogram indicating an LVEF < 40%; (6)
Performing coronary angiography on patients aged > 25 years to exclude acute myocardial infarction (AMI).

The exclusion criteria were as follows: (1) Patients diagnosed with non-fulminant myocarditis (NFM); (2) The appearance
of cardiac symptoms more than 30 days before admission; (3) The initial echocardiogram showing an LVEF > 40%; (4) Cases
of death during hospitalization; (5) Patients diagnosed with ischemic heart disease in the past or present, or discharged with
other diagnoses; (6) Long-term use of ACE inhibitors; (7) Patients with incomplete clinical data or those who decline to
participate in follow-up.

Patients with acute myocarditis based on EMB and/or Lake
Louise criteria (<30 days since admission) (n=281)

Excluded:
Diagnosis NFM (n=105)

| Incomplete data (n=21)

LVEF >40% in admission (n=15)
Ischemic heart disease (n=7)

¥

Long-term use of the ACE inhibitors (n=6)

[ 127 patients met the inclusion criteria }

{ Death during hospitalization (n=3) ]
A
[ Finally include (n=124) }
[ ACE inhibitors (n=90) ] [ non-ACE inhibitors (n:34)]

Figure | Flowchart of the study design and patient inclusion.
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This study received approval from the Institutional Review Board of the Ethics Committee of Tongji Hospital (TJ-
C20160202) and was conducted in accordance with the principles outlined in the Declaration of Helsinki. Due to the
retrospective nature of this study and the use of de-identified patient data, the requirement for informed consent was
waived by the Institutional Review Board.

Patient Management

All selected patients received the “Chinese Protocol”,” which includes: (1) The tMCS using an intra-aortic balloon pump
(IABP) with or without extracorporeal membrane oxygenation (ECMO); (2) IT use of adequate doses of glucocorticoids
and/or immunoglobulins; (3) The use of antiviral drugs alone or in combination (including ganciclovir, penciclovir,
oseltamivir). IABP is typically used as the initial option for tMCS. If the implementation of the ITABP fails to correct
persistent hemodynamic disorders, ECMO is then used in combination.

Echocardiographic Protocol and Measurements

Standard transthoracic echocardiography was performed on patients in a resting state using a single echocardiography
system (Vivid E9; GE Vingmed; Horten, Norway). This examination was performed by two experienced, board-certified
echocardiography cardiologists who were blinded to patient data and analyzed the images independently. All echocardio-
graphic assessments were completed during the patients’ admission and follow-up periods.

The end-diastolic interventricular septum thickness (IVSd), left ventricular posterior wall thickness (LVPWd), and
left ventricular end-diastolic dimension (LVEDD) were measured from the parasternal long-axis view. The LVEF was
calculated using the modified biplane Simpson’s method.?® When observing the four-chamber view, the ratio of the early
(E-wave) to the late (A-wave) diastolic filling of the LV, denoted as E/A, was assessed with pulsed Doppler. The velocity
of the septal mitral annulus (¢’) was evaluated using tissue Doppler, and subsequently, the E/e’ was calculated.”” In the
parasternal long-axis view, the anteroposterior diameter of the left atrium (LA) was measured.”®

Primary Outcomes and Follow-Up

Based on previous studies in FM patients, LVEF < 55% was considered incomplete recovery.'''*?* The primary
outcome measure of this study was defined as an LVEF < 55% at the last follow-up. The follow-up time (in months)
was defined as the duration from the date of diagnosis to the last follow-up date. The data collection was carried out by
a professionally trained physician through reviewing medical records or conducting telephone interviews with patients or
their relatives. The last follow-up date was December 31, 2023.

Statistical Analysis

Categorical variables are expressed as numbers (percentages), and normally distributed continuous data are reported as
the mean + standard deviation. Non-normally distributed continuous data are presented as the median with interquartile
range (IQR). The Kolmogorov—Smirnov test was used to evaluate the normality of the data distribution. Based on the
normality of the variables, Student’s #-test or the Mann—Whitney U-test was used to analyze the inter-group differences of
continuous variables. Categorical variables were compared using the chi-square test or Fisher’s exact test. This study
conducted prespecified subgroup analyses to explore heterogeneity of treatment effects among specific groups. To avoid
multicollinearity, covariates were evaluated using the variance inflation factor (VIF) and tolerance. Variables with a VIF
exceeding 5 were excluded. Univariate logistic regression analysis was used to determine the clinical variables associated
with an LVEF < 55% at the last follow-up in the entire group and the ACE inhibitor-using group. Multivariable logistic
regression was adjusted for age and sex, and included variables with P < 0.05 from the univariate logistic regression,
using backward stepwise selection to identify independent risk factors. Subsequently, this study incorporated confound-
ing factors into the models: Model 1 was not adjusted for any confounding variables. Model 2 was adjusted for age and
sex. Model 3 was adjusted for age, sex, smoking status, drinking status, time from onset to admission (TFOTA), length of
stay (LOS), systolic blood pressure (SBP), coronary artery disease (CAD), hypertension, [ABP, ECMO, B-blockers, and
ACE inhibitors (only adjusted in the entire group). Restricted cubic spline (RCS) regression was used to evaluate the
nonlinear relationships between the baseline LVEDD and an LVEF < 55% at the last follow-up and to visualize the
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potential dose-response relationships. All analyses were conducted using RStudio (version 4.2.0) and GraphPad Prism
(version 9.0). The statistical tests used a two-tailed test, and a P value < 0.05 was considered statistically significant.

Results
Demographic and Clinical Characteristics of the Entire Group and Subgroups with or

Without Angiotensin-Converting Enzyme Inhibitors

Among 281 patients diagnosed with AM, 157 (55.87%) were excluded for the following reasons: 105 had NFM, 21 had
incomplete data that affected the analysis results, 15 had an LVEF > 40% at admission, 7 had ischemic heart disease,
6 had a history of long-term use of ACE inhibitors, and 3 died during hospitalization. Finally, the study included 124
patients (44.13%) with FM and an LVEF < 40%. Among these patients, 90 cases (72.58%) took ACE inhibitors, while 34
cases (27.42%) did not take them (Figure 1).

The median age of the study population was 38 years (IQR: 28.5-53). Females accounted for 52.42% of the
population. The median SBP was 98 (88.5, 108) mmHg, the median TFOTA was 3 days (IQR: 2-5), and the median
LOS was 12 days (IQR: 10-17). Electrocardiographic findings revealed that 12.9% of patients had third-degree
atrioventricular block, and 5.65% of patients experienced ventricular flutter/ventricular fibrillation. The median level
of cardiac troponin I (cTnl) was 20698.8 (IQR: 5632.43—44,975.2) pg/mL, and the median level of N-terminal pro-
B-type natriuretic peptide (NT-proBNP) was 6291 (IQR: 3064.5-15,618.03) pg/mL. Echocardiographic results showed
that the median LVEF was 27% (IQR: 21-31%), and the median LVEDD was 4.84 + 0.6 cm. There were no significant
differences in other clinical characteristics between the subgroups (Table 1).

Table | Demographic and Clinical Characteristics of the Entire Group and Subgroups with or Without Angiotensin-Converting

Enzyme Inhibitors

Variables Total (n = 124) Non-ACE Inhibitors (n = 34) ACE Inhibitors (n = 90) P valve
Age (years) 38.00 (28.50, 53.00) 38.00 (29.00, 54.00) 37.00 (27.25, 52.00) 0.451
Age<I5 years 3 (24) 1 (2.9) 2(22) 1.000
Female, n (%) 65 (52.42) 17 (50.00) 48 (53.33) 0.740
Smoking status, n (%) 27 (21.77) 8 (23.53) 19 21.11) 0.771
Drinking status, n (%) 14 (11.29) 6 (17.65) 8 (8.89) 0.291
TFOTA (days) 3.00 (2.00, 5.00) 3.00 (2.00, 4.00) 3.00 (2.00, 5.00) 0.379
LOS (days) 12.00 (10.00, 17.00) 12.00 (8.00, 17.00) 12.00 (10.00, 17.00) 0.387
SBP (mmHg) 98.00 (88.50, 108.00) 100.00 (85.50, 109.25) 97.50 (90.00, 108.00) 0.969
DBP (mmHg) 63.00 (53.00, 71.75) 64.50 (52.50, 70.00) 63.00 (53.00, 72.00) 0.830
CMR, n (%) 85 (68.55) 15 (44.12) 70 (77.78) <0.001
EMB, n (%) 82 (66.13) 15 (44.12) 67 (74.44) 0.001
Coronary angiography, n (%) 87 (70.16) 23 (67.65) 64 (71.11) 0.707
Comorbidities
Hypertension, n (%) 14 (11.29) 3 (8.82) 11 (12.22) 0.829
Diabetes, n (%) 7 (5.65) 4 (11.76) 3(3.33) 0.168
CAD, n (%) 8 (6.45) 2 (5.88) 6 (6.67) 1.000
MODS, n (%) 6 (4.84) 3 (8.82) 3(3.33) 0.423
Cardiogenic shock, n (%) 110 (88.71) 28 (82.35) 82 (91.11) 0.291
Serum markers
cTnl (pg/mL) 20698.80 (5632.43, 44,975.20) | 28,996.75 (7372.30, 48,920.15) 19,417.70 (5526.17, 41,459.65) 0.572
CK-MB (ng/mL) 249.00 (52.07, 895.00) 464.00 (102.55, 1004.50) 239.35 (40.60, 826.00) 0.185
NT-proBNP (pg/mL) 6291.00 (3064.50, 15,618.03) 8376.50 (4415.50, 16,176.25) 5966.50 (2850.00, 12,248.50) 0.379
ALT (U/L) 66.00 (40.00, 251.00) 63.50 (37.50, 540.50) 67.00 (40.00, 162.00) 0.632
AST (UIL) 157.00 (78.00, 338.00) 160.50 (78.25, 496.00) 156.00 (78.50, 309.50) 0.543
Creatinine (umol/L) 85.00 (66.00, 116.00) 93.00 (70.00, 136.25) 81.00 (66.00, 110.00) 0.135
WBC (1079/L) 9.90 (7.00, 14.43) 8.99 (6.98, 13.57) 10.70 (7.00, 14.70) 0.327
Lactic acid (mmol/L) 291 (1.62, 4.54) 2.79 (1.47, 475) 291 (1.66, 4.19) 0.993
(Continued)
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Table | (Continued).

LVEF = 55%
LVEF < 55%

78 (62.90)
46 (37.10)

13 (38.24)
21 (61.76)

65 (72.22)
25 (27.78)

Variables Total (n = 124) Non-ACE Inhibitors (n = 34) ACE Inhibitors (n = 90) P valve
LDH (U/L) 556.50 (358.50, 890.25) 604.00 (354.00, 1434.00) 526.00 (369.00, 786.00) 0.126
K (mmol/L) 4.10 (3.75, 4.55) 4.28 (3.85, 4.76) 4.06 (3.75, 4.49) 0.264
CRP (mg/L) 35.30 (10.90, 78.85) 28.75 (17.62, 64.65) 36.65 (9.78, 91.95) 0.722
ESR (mm/h) 10.00 (5.00, 19.00) 7.50 (5.00, 19.00) 11.00 (5.00, 19.00) 0.639
PCT (ng/mL) 0.23 (0.09, 0.55) 0.28 (0.13, 0.75) 0.19 (0.09, 0.49) 0.461
ILIB (pg/mL) 5.00 (5.00, 7.60) 5.00 (5.00, 7.52) 5.00 (5.00, 7.60) 0.684
IL6 (pg/mL) 13.68 (6.19, 68.92) 26.73 (9.79, 101.82) 13.20 (5.30, 63.79) 0.202
IL10 (pg/mL) 7.80 (5.00, 18.40) 10.85 (6.20, 35.95) 6.80 (5.00, 16.20) 0.103
TNFa (pg/mL) 11.90 (8.60, 16.30) 13.80 (11.22, 20.35) 11.40 (8.50, 14.90) 0.096
Electrocardiographic

ST-T segment abnormalities, n (%) 89 (71.77) 23 (67.65) 66 (73.33) 0.530
Il degree AV block, n (%) 16 (12.90) 5 (14.71) 11 (12.22) 0.946
R/LBBB, n (%) 26 (20.97) 9 (26.47) 17 (18.89) 0.355
VF/IVE, n (%) 7 (5.65) 3(8.82) 4 (4.44) 0.613
Atrial arrhythmia, n (%) 9 (7.26) 4 (11.76) 5 (5.56) 0.423
Echocardiography

LVEF (%) 27.00 (21.00, 31.00) 29.00 (21.50, 31.00) 26.00 (21.00, 31.75) 0.656
E/A 1.29 (0.87, 1.69) 1.32 (111, 1.85) 1.26 (0.86, 1.66) 0.495
E/e’ 10.00 (8.00, 12.00) 11.00 (10.00, 14.50) 10.00 (8.00, 12.00) 0.129
LVEDD, age=15 years (cm) 4.84+£0.60 5.02+0.73 4.80+0.56 0.218
LA (cm) 3.40 (2.90, 3.70) 3.50 (3.15, 4.15) 3.30 (2.90, 3.70) 0.197
IVS (cm) 0.90 (0.80, 1.00) 0.90 (0.83, 0.90) 0.90 (0.80, 1.00) 0.594
LVPW (cm) 0.90 (0.80, 0.90) 0.90 (0.85, 0.90) 0.90 (0.80, 1.00) 0.745
Primary outcome, n (%) <0.001

Notes: Data are presented as median (IQR) and mean #* standard deviation (SD) for continuous variables, or as number (%) for categorical variables. “Primary
outcome” is defined as LVEF<55% at the last follow-up.
Abbreviations: ACE, Angiotensin converting enzyme; TFOTA, time from onset to admission; LOS, length of stay; SBP, systolic blood pressure; DBP, diastolic blood
pressure; CMR, cardiac magnetic resonance; EMB, endomyocardial biopsy; CAD, coronary artery disease; MODS, Multiple organ dysfunction syndrome; cTnl, cardiac
troponin |I; CK-MB, creatine kinase isoenzymes; NT-proBNP, N-terminal pro-B-type natriuretic peptide; ALT, alanine transaminase; AST, aspartate transaminase;
WBC, white blood cell count; LDH, lactate dehydrogenase; K, potassium; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; PCT, procalcitonin; ILIJ,
interleukin-1 beta; IL6, interleukin 6; IL10, interleukin 10; TNFa, Tumor Necrosis Factor-o; AV block, atrioventricular block; R/LBBB, Left and right bundle branch
block; VF/Vf, Ventricular flutter/ventricular fibrillation; LVEF, left ventricular ejection fraction; E/A, early diastolic mitral peak flow velocity/late diastolic mitral peak
flow velocity; E/e, E/e’, E wave/e’ wave; LVEDD, left ventricular end-diastolic dimensions; LA, left Atrium; IVS, interventricular septum thickness; LVPWV, left ventricular

posterior wall thickness.

Regarding the management during hospitalization, all patients followed the “Chinese Protocol”. Among them,
18.55% of patients received cardiopulmonary resuscitation (CPR) defibrillation treatment due to cardiac arrest.
Additionally, 37.9% and 88.71% of patients received ECMO and/or IABP support treatment, respectively. Temporary
pacemakers were utilized in 30.65% of patients. Moreover, 95.97% and 98.39% of patients received immunoglobulin and
glucocorticoids, respectively. Vasoactive drugs were administered to 55.65% of patients, and as many as 72.58% of
patients used ACE inhibitors. There were no significant differences in other clinical characteristics between the

subgroups. The specific treatment strategies are detailed in Table 2.

Change in Left Ventricular Ejection Fraction from the Baseline to the Last Follow-Up

in Patients with or Without Angiotensin-Converting Enzyme Inhibitors, Along with

Subgroup Analysis

Over a median follow-up period of 12 (6, 18) months, the median LVEF of 124 patients with FM increased from 27% (IQR:
21-31%) at admission to 58% (IQR: 50-63%) at the last follow-up (Figure 2A and B). However, among the 124 patients, 46
(37.1%) had cardiac dysfunction with an LVEF < 55% at the last follow-up. Interestingly, compared with the ACE
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Table 2 Inpatient Management of the Entire Group and Subgroups with or Without Angiotensin-Converting Enzyme Inhibitors

Variables Total (n = 124) Non-ACE Inhibitors (n = 34) | ACE Inhibitors (n = 90) | P valve
Mechanical circulatory support
IABP, n (%) 110 (88.71) 28 (82.35) 82 (91.11) 0.291
IABP (days) 5.00 (3.00, 7.00) 4.00 (0.50, 7.00) 5.00 (3.00, 7.00) 0.491
ECMO, n (%) 47 (37.90) 11 (32.35) 36 (40.00) 0.434
ECMO (days) 0.00 (0.00, 3.00) 0.00 (0.00, 2.00) 0.00 (0.00, 4.75) 0.492
Other support treatment
Temporary pacemaker, n (%) 38 (30.65) 11 (32.35) 27 (30.00) 0.800
Temporary pacemaker (days) 7.00 (4.00, 9.00) 7.50 (7.00, 10.00) 6.00 (4.00, 8.50) 0.083
CRRT, n (%) 39 (31.45) 12 (35.29) 27 (30.00) 0.571
CRRT (hours) 20.00 (15.00, 43.00) 36.00 (18.75, 56.50) 18.00 (12.00, 34.00) 0.066
Tracheal intubation, n (%) 24 (19.35) 9 (26.47) 15 (16.67) 0218
CPR defibrillation, n (%) 23 (18.55) 9 (26.47) 14 (15.56) 0.163
Medication
Immunoglobulin, n (%) 119 (95.97) 31 (91.18) 88 (97.78) 0.248
Immunoglobulin, First (g) 10.00 (10.00, 20.00) 10.00 (10.00, 20.00) 10.00 (10.00, 20.00) 0.846
Immunoglobulin, Total (g) 50.00 (30.00, 82.50) 47.50 (30.00, 95.00) 50.00 (35.00, 82.50) 0.662
Glucocorticoids, n (%) 122 (98.39) 32 (94.12) 90 (100.00) 0.074
Glucocorticoids, First (mg) 200.00 (200.00, 200.00) 200.00 (200.00, 200.00) 200.00 (200.00, 200.00) 0.949
Glucocorticoids, Total (mg) 920.00 (640.00, 1385.00) 960.00 (580.00, 1310.00) 880.00 (670.00, 1410.00) 0.898
Vasoactive drugs, n (%) 69 (55.65) 21 (61.76) 48 (53.33) 0.399
Antiviral drugs, n (%) 119 (95.97) 32 (94.12) 87 (96.67) 0.895
B-blockers, n (%) 82 (66.13) 16 (47.06) 66 (73.33) 0.006
ACE inhibitors, n (%) <0.001

None 34 (27.42) 34 (100.00) 0 (0.00)

Perindopril 76 (61.29) 0 (0.00) 76 (84.44)

Benazepril 14 (11.29) 0 (0.00) 14 (15.56)
ACE inhibitors (months) 6.00 (4.00, 12.00) 0.00 (0.00, 0.00) 6.00 (4.00, 12.00) <0.001

Note: Data are presented as median (IQR) for continuous variables or as number (%) for categorical variables. “First” means the first medication dose on
admission; “Total” refers to the total medication dose during the hospitalization.

Abbreviations: IABP, Intra-aortic balloon pump; ECMO, extracorporeal membrane oxygenation, CRRT, continuous renal replacement therapy; CPR,
cardiopulmonary resuscitation; ACE, angiotensin-converting enzyme.

inhibitors group (27.78%), the non-ACE inhibitors group had a higher percentage of patients with persistent cardiac
dysfunction (61.76%) (P < 0.001; Table 1 and Figure 2C). Moreover, the median LVEF of patients in the non-ACE
inhibitors group exhibited a continuous downward trend over the 24-month follow-up period, with values of 24.3 + 12.3%
at 1 month, 25.6 +£20.1% at 6 months, 25.1 + 16.3% at 12 months, and 15.1 + 14.7% at 24 months. In contrast, the median
LVEF of the ACE inhibitors group continued to improve, starting from 29.5 + 12.8% at 1 month, reaching 32.2 £ 10.5% at 6
months, 33.8 £ 10.6% at 12 months, and ending at 32.5 + 12.6% at 24 months (Figure 2D, Table 3). However, we observed
that 49 patients (39.52%) had an LVEDD > 5cm at admission (Supplementary Figure 1). Among these 49 patients, 29
(59.18%) had an LVEF < 55% at the last follow-up, 15 (51.72%) were receiving ACE inhibitors treatment, and 14 (48.28%)
were not. Additionally, 3 patients (2.42%) underwent permanent pacemaker implantation, and 1 patient (0.81%) received

a heart transplant during the follow-up period, and none of them received ACE inhibitors treatment.

Subgroup analyses were predefined based on demographic and clinical characteristics of interest. The results indicated
that the use of ACE inhibitors had a sustained beneficial effect on the primary outcome compared with those without ACE
inhibitors. The P-value for interaction > 0.05 indicates no significant interaction across groups (Figure 3).

Primary Outcome Impact Factors in the Entire and Angiotensin-Converting Enzyme

Inhibitors Group
The demographic and clinical characteristics of the ACE inhibitors group, along with its subgroups of LVEF > 55% and
LVEF < 55%, are presented in Supplementary Table 1. To further investigate the potential factors influencing LVEF <
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Figure 2 Changes in LVEF over a 24-month follow-up period among patients with FM and LVEF < 40%. (A) Patients with FM and an LVEF < 40% had a significant
improvement in LV systolic function from the baseline to the last follow-up based on ACE inhibitors and (B) non-ACE inhibitors; (C) The proportion of patients using or not
using ACE inhibitors with an LVEF < 55% at the last follow-up; (D) Changes in LVEF from the baseline to the 24-month mark.

55% at the last follow-up, a logistic regression analysis was performed on the entire group and the ACE inhibitors group.
All covariates included in the analysis were measured at admission. The univariate logistic regression model indicated
that age, SBP, LVEDD, LA, lactate dehydrogenase (LDH), and ACE inhibitors use were significantly associated with
LVEF < 55%. However, in the entire group, multivariate logistic regression adjusted for age, sex, SBP, LVEDD, LA,
LDH, and ACE inhibitor use, identified only ACE inhibitor use (HR = 0.19, 95% CI: 0.04-0.96, P = 0.045) and LVEDD

Table 3 The Change Values in LVEF from Baseline to 24 Months of Follow-Up

Variables Baseline | | Month | 3 Months | 6 Months | 12 Months | 18 Months | 24 Months
ACEI inhibitors 0 29.5+12.8 | 32.2+109 | 32.2%105 33.8t10.6 31.4t14.6 32.5£12.6
Non-ACE inhibitors | 0 24.3+12.3 | 26.2+19.3 | 25.6£20.1 25.1+16.3 18.3£22.6 15.1+14.7

Note: Data are presented as mean * standard deviation (SD) for continuous variables.
Abbreviations: LVEF, left ventricular ejection fraction; ACE, angiotensin-converting enzyme.

5274

International Journal of General Medicine 2025:18



Yang et al

non-ACE ACE
Variables n (%) inhibitors inhibitors OR (95%CI) P P for interaction
No. of events/ No. of total i

All patients 124 (100.00) 21/34  25/90 0.24(0.10~0.55) Fw—, ! <.001

Sex i 0.956
Female 65(52.42) 10/17  12/48 0.23(0.07~0.75) Fe—ro ! 0.014
Male 59 (47.58) 11/17  13/42 0.24(0.07 ~0.80) F=—o ! 0.020

Age i 0.795
<38 years 60 (48.39) 7/14  10/46 0.28 (0.08 ~0.98) |=— | 0.046
>38 years 64 (51.61) 14/20  15/44 0.22(0.07 ~0.69) p=—ro | 0.010

TFOTA i 0.126
<3 days 47 (37.90) 11/15  7/32 0.10(0.02~0.42) t=— | 0.002
>3 days 77(62.10) 10/19  18/58 0.41(0.14~1.17) F—=— 0.094

LOS ; 0.642
<12 days 53(42.74) 11/16  11/37 0.19(0.05~0.69) Fe—ro ! 0.011
>12 days 71(57.26) 10/18  14/53 0.29 (0.09 ~0.87) F=—- ! 0.028

SBP ! 0.851
<98 mmHg 61 (49.19) 8/16  9/45 0.25(0.07~0.85) +e—ro ! 0.026
>08 mmHg 63 (50.81) 13/18  16/45 0.21 (0.06~0.70) Fa—roi ! 0.011

LVEF i 0.226
<27% 60 (48.39) 6/13  13/47 045(0.13~1.58) |}—=— "t 0.211
>27% 64 (51.61) 1521  12/43 0.15(0.05~0.49) =—o{ i 0.002

cTnl i 0.238
<20699 pg/mL 61 (49.19) 9/13  11/48 0.13(0.03~0.51) t+—o | 0.003
>20699 pg/mL 63 (50.81) 12/21  14/42 0.38(0.13~1.10)  —=—H 0.074

NT-proBNP E 0.861
<6291 pg/mL 59 (47.58) 9/14  14/45 0.25(0.07~0.89) |=—r! 0.032
>6291 pg/mL 65 (52.42) 12/20  11/45 0.22(0.07 ~0.66) F=—roA | 0.007

LVEDD, age>15 years i 0.616
<5cm 75(60.48) 7/15  10/60 0.23(0.07~0.77) Fe—ro ! 0.018
>5 cm 49 (39.52) 14/19  15/30 0.36(0.10~1.24) —a— 0.106

Smoking i 0.895
No 97(78.23) 16/26  20/71 0.25(0.10~0.63) }=—o 0.004
Yes 27 (21.77)  5/8 519 0.21(0.04~1.24) Fe—ir 0.086

Tipple ! 0.305
No 110 (88.71) 16/28  23/82 0.29(0.12~0.71)  F=—o | 0.007
Yes 14 (11.29)  5/6 2/8  0.07(0.01~0.97) =——— 0.047

Figure 3 Primary outcomes of prespecified subgroups. The primary outcome was defined as an LVEF < 55% at the last follow-up.

ACE inhibitors better

non-ACE inhibitors better

(HR = 9.18, 95% CI: 2.73-30.83, P < 0.001) as significantly associated with LVEF < 55% (Table 4). Similarly, in the
ACE inhibitors group, multivariate logistic regression analysis also identified the LVEDD (HR = 9.61, 95% CI:

2.42-38.19, P < 0.001) as a risk factor for LVEF < 55% (Supplementary Table 2).

Restricted Cubic Spline Curve Fitting
Restricted cubic spline (RCS) analysis was employed to examine the relationship between the LVEDD and LVEF < 55%

in the entire group and the subgroup of patients using ACE inhibitors. RCS analysis indicated that the nonlinear
relationship between the two variables was not statistically significant (P > 0.05). In the unadjusted and partially adjusted
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Table 4 Univariate and Multivariate Logistic Regression of Influencing Factors for LVEF < 55% at
the Last Follow-Up in the Entire Group

Variables Univariate Multivariate
OR (95% CI) P value | OR (95% CI) P value
Age 1.02 (1.01 ~ 1.05) 0.048 1.02 (0.97 ~ 1.06) | 0.493
Female 1.34 (0.65 ~ 2.78) 0.432 2.96 (0.74 ~ 11.82) | 0.126
TFOTA 0.99 (0.95 ~ 1.03) 0.677
LOS 0.99 (0.94 ~ 1.04) 0.614
Hypertension 1.82 (0.60 ~ 5.57) 0.294
CAD 1.76 (0.42 ~ 7.41) 0.440
MODS 1.74 (0.34 ~ 9.02) 0.507
Cardiac shock 0.76 (0.25 ~ 2.35) 0.636
Smoking status 1.00 (0.41 ~ 2.41) 0.994
Drinking status 1.82 (0.60 ~ 5.57) 0.294
SBP 1.03 (1.01 ~ 1.05) 0.018 1.03 (0.98 ~ 1.07) | 0.228
DBP 1.01 (0.99 ~ 1.04) 0.325
Electrocardiographic
AV block 0.82 (0.30 ~ 2.21) 0.696
VF/VE 1.29 (0.28 ~ 6.04) 0.746
Echocardiography
LVEF, per 1% 1.0l (0.96 ~ 1.06) 0.629
LVEDD, age215 years (cm), per lem | 10.95 (3.33 ~ 36.06) | <0.001 9.18 (2.73 ~ 30.83) | <0.001
LA, per lcm 2.45 (1.08 ~ 5.53) 0.031 091 (0.29 ~2.89) | 0.877
Serum markers
cTnl, per 1000 pg/mL 1.0l (0.99 ~ 1.03) 0.193
CK-MB, per 1000 ng/mL 1.03 (0.72 ~ 1.46) 0.877
NT-proBNP, per 1000 pg/mL 0.98 (0.95 ~ 1.02) 0.381
Lactic acid, per | mmol/L 0.93 (0.79 ~ 1.09) 0.385
ALT, per 1000 U/L 1.26 (091 ~ 1.73) 0.164
AST, per 1000 U/L 1.13 (0.91 ~ 1.41) 0.258
Creatinine, per 100 umol/L 1.90 (0.95 ~ 3.82) 0.070
LDH, per 1000 U/L 2.77 (1.25 ~ 6.11) 0.012 1.39 (0.33 ~591) | 0.653
CRP, per 10 mg/L 1.02 (0.97 ~ 1.07) 0.449
ESR, per!0 mm/h 1.14 (0.94 ~ 1.39) 0.176
ILIB, per | pg/mL 1.00 (0.98 ~ 1.03) 0.856
IL6, per | pg/mL 1.00 (1.00 ~ 1.01) 0.081
ILIO, per | pg/mL 1.01 (0.99 ~ 1.03) 0.293
TNFa, per | pg/mL 1.01 (0.98 ~ 1.04) 0.482
Treatment
IABP 0.76 (0.25 ~ 2.35) 0.636
ECMO 0.81 (0.38 ~ 1.72) 0.583
B-blockers 0.511 (0.238-1.096) | 0.085
ACE inhibitors 0.24 (0.10 ~ 0.55) <0.001 0.19 (0.04 ~ 0.96) | 0.045

Notes: CRP and ESR, Per 10-unit increase; Creatinine, Per 100-unit increase; cTnl, CK-MB, NT-proBNP, ALT, AST, and LDH,
Per 1000-unit increase.

Abbreviations: OR, Odd ratio; Cl, confidence interval; TFOTA, time from onset to admission; LOS, length of stay; CAD,
coronary artery disease; MODS, Multiple organ dysfunction syndrome; SBP, systolic blood pressure; DBP, diastolic blood
pressure; AV block, atrioventricular block; VF/Vf, Ventricular flutter/ventricular fibrillation; LVEF, left ventricular ejection
fraction; LVEDD, left ventricular end-diastolic dimensions; LA, left Atrium; cTnl, cardiac troponin I; CK-MB, creatine kinase
isoenzymes; NT-proBNP, N-terminal pro-B-type natriuretic peptide; ALT, alanine transaminase; AST, aspartate transaminase;
LDH, lactate dehydrogenase; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; ILIP, interleukin-1 beta; IL6,
interleukin 6; IL10, interleukin 10; TNFo, Tumor Necrosis Factor-a; IABP, Intra-aortic balloon pump; ECMO, extracorporeal
membrane oxygenation, ACE, angiotensin-converting enzyme.
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Figure 4 The RCS curve fit between LVEDD and the LVEF < 55%. Blue lines represent the estimated OR of LVEDD and the primary outcome. Blue-shaded areas represent
the 95% CI. (A) Model | was unadjusted in the entire group; (B) Model 2 was adjusted for age and sex in the entire group; (C) Model 3 was adjusted for age, sex, smoking
status, drinking status, TFOTA, LOS, SBP, CAD, hypertension, IABP, ECMO, B-blockers, and ACE inhibitors in the entire group; (D) Model | was unadjusted in the ACE
inhibitors group; (E) Model 2 was adjusted for age and sex in the ACE inhibitors group; (F) Model 3 was adjusted for age, sex, smoking status, drinking status, TFOTA, LOS,
SBP, CAD, hypertension, IABP, ECMO, and B-blockers in the ACE inhibitors group.

weighted logistic regression models, the risk of LVEF < 55% at the last follow-up increased approximately linearly with
increasing levels of the LVEDD, even after adjusting for the use of ACE inhibitors (Figure 4).

Discussion

In this multicenter retrospective study, we emphasized the importance of long-term cardiac function management for
patients with FM who received tMCS combined with IT and had an LVEF < 40%, even for those whose cardiac function
had recovered to LVEF > 55% at the time of discharge. In this study, more than 3 out of 4 patients were treated with ACE
inhibitors, and there were no significant differences in baseline blood pressure, renal function, and serum potassium
levels among these patients. Long-term follow-up results revealed that the use of ACE inhibitors may contribute to
improving LV function in patients with FM and preventing chronic persistent cardiac dysfunction. However, during long-
term follow-up, an increase in LVEDD may diminish the efficacy of ACE inhibitors.

Patients with FM are characterized by sudden onset, rapid progression, and deterioration of the clinical course, which can
lead to severe hemodynamic compromise, cardiogenic shock, and even death.?® In the early phase of acute sustained injury,
there might be a substantial initial decline in the LVEF. However, if appropriate therapeutic measures are promptly
implemented, the systolic function of the heart can rapidly recover. Ammirati et al demonstrated that median LVEF increased
from 21% at baseline to 54% at follow-up in patients who survived the acute phase of FM."" Following the “Chinese
Protocol”, Zhou et al reported an increase in median LVEF from 40% to 57%,8 while in this study, LVEF increased from 27%
to 58%. Notably, despite aggressive treatment with tMCS and IT during the acute phase, several studies have reported varying
degrees of LV impairment in patients with FM. For instance, Ammirati et al indicated that despite improvement in LVEF, 29%
of patients had LVEF < 55% at a median follow-up of 22 months.'" A multicenter study involving 216 patients with FM
demonstrated that 16% had LVEF < 50% at 1-year follow-up, indicating persistent cardiac dysfunction in some cases.*
Among patients who received tMCS combined with IT, Jiang et al observed that 22% had LVEF < 55% at 2-year follow-up,
with no improvement compared to discharge.”> Another study reported 24.2% of the patients with FM had persistent LVEF <
55% at a median follow-up of 12 months.'? In the present study, the incidence was higher, reaching 37.1%. All the
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aforementioned studies indicate that patients with FM may experience impaired cardiac systolic function during long-term
follow-up, suggesting that the current interventions may be insufficient to prevent the progression to chronicity. Previous
studies have demonstrated that FM patients complicated by LV systolic dysfunction have significantly elevated heart
transplant levels (25.5-47.7%) and cardiac mortality rates (28-35.5%).'%!" This renders it an urgent imperative to prevent
patients with FM from developing chronic persistent cardiac dysfunction.

According to reports, immunosuppressive therapy has a positive impact on chronic inflammatory cardiomyopathy.®'** The
preliminary results of the Clinical Assessment of New Treatment Regimen for Adult FM trial (NCT03268642) conducted by our
center demonstrated that, compared with routine treatment, the “Chinese Protocol” (without cytotoxic drugs) significantly
reduced the in-hospital mortality rate of FM patients [3.7% (3/81) compared to 46.6% (41/88)].” Therefore, the “Chinese
Protocol” recommends its application only in FM patients who continue to exhibit HF symptoms after standard anti-HF treatment
and require EMB to determine the underlying myocarditis pathology and assess the need for immunosuppressive therapy.” The
standard treatment protocol for HF in AM has been recognized by the guidelines of the European Society of Cardiology and the
Chinese Society of Cardiology.”'* ACE inhibitors are the fundamental therapeutic agents for HFrEF. They are widely used to
treat other cardiovascular diseases, including dilated cardiomyopathy and hypertension. Moreover, they contribute to favorable
LV remodeling and are effective in reducing LV enlargement.>*>>® Although there is a lack of observational studies evaluating the
therapeutic efficacy of ACE inhibitors on patients with FM and their role in preventing the development of chronic persistent
cardiac dysfunction, recent survey data indicate that a considerable number of physicians prescribe ACE inhibitors for FM
patients, with utilization rates ranging from 59% to 74% in other study groups and reaching 73% in this study.'"*'* Basic research
has revealed that losartan or captopril significantly reduced inflammation, necrosis, and fibrosis in mice with autoimmune
myocarditis.>” Another study demonstrated that ACE inhibitors and/or ARBs not only reduce complications associated with
myocarditis but also downregulate the potential autoimmune component of the disease.’® A multicenter study found that the
administration of ACE inhibitors or ARBs during hospitalization in FM patients was associated with a reduced 90-day mortality
rate and heart transplant rate.'® A small observational study followed up 35 patients with AM who were taking ACE inhibitors
and reported that continuous use of ACE inhibitors reduced the deterioration of the LVEF during long-term follow-up."”
Consistent with previous findings, this study suggests that ACE inhibitor use may provide potential benefits in improving LV
function and preventing chronic persistent cardiac dysfunction in FM patients. In contrast, patients who did not receive ACE
inhibitors exhibited a persistent decline in cardiac systolic function during long-term follow-up. These benefits may be attributed
to the reduction in chronic myocardial inflammatory and the improvement of ventricular remodeling.*®>° Further investigation is
warranted to elucidate the mechanism by which ACE inhibitors exert their effects on FM patients.

Several studies have demonstrated that an increase in LVEDD is associated with persistent LV dysfunction.*>*' Ammirati
et al reported that 17.3% of patients with complicated AM underwent progressive LV dilation during the follow-up period, and
14.5% of the patients had an LVEF < 50%.? Jiang et al’s research showcased that 12.1% of FM patients encountered LV
dilation after discharge, and 24.2% of the patients had a sustained LVEF < 55%.'% A single-center retrospective study revealed
that during a 2-year follow-up period, 28% of patients with FM had an LVEDD > 5 cm, and 22% of the patients had an LVEF <
55%.%* Based on this study, we discovered that 49 patients (39.52%) had an LVEDD > 5c¢m at admission, and 29 patients
(59.18%) had an LVEF < 55% at the last follow-up. 15 patients (51.72%) had been on ACE inhibitors treatment, whereas 14
patients (48.28%) had not. Although the utilization of ACE inhibitors may partially reverse the increase in LVEDD among
patients, reducing the number from 30 to 14 (Supplementary Figure 1), we observed that patients with a larger LVEDD at

admission exhibited weaker responses to ACE inhibitors during long-term follow-up, and there was no significant difference
in the diagnosis and treatment time among these patients (Table 1). Furthermore, during follow-up, we observed that eight
patients with an LVEDD >5 cm at admission who were receiving ACE inhibitor therapy initiated spironolactone treatment. Of
these, four patients exhibited LVEF <55% at the last follow-up. The limited cohort size precludes definitive conclusions
regarding the therapeutic potential of aldosterone antagonists in FM. Ammirati et al’s study demonstrated that there were
disparities in the baseline LVEDD among different pathological subtypes of FM. Specifically, the median LVEDD of patients
with giant cell myocarditis was 52 mm, that of patients with eosinophilic myocarditis was 50 mm, and that of patients with
lymphocytic myocarditis was 49 mm. In comparison with other subtypes, patients with giant cell FM exhibit higher mortality
and heart transplantation rates, which may potentially explain the results of this study.'” Moreover, the underlying or
hereditary predisposition to cardiomyopathy is also a possible explanation that warrants future investigation. This research
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underscores the significance of ACE inhibitors in patients with FM, as they contribute to the restoration of cardiac structure
and function. However, some patients did not respond to ACE inhibitor therapy. For these individuals, following current
guidelines, substitution with angiotensin receptor-neprilysin inhibitor (ARNI), adding other standardized HF medicines, such
as aldosterone antagonists, B-blockers, and sodium-glucose cotransporter 2 (SGLT2) inhibitors, may be considered.”'*** In
addition, immunosuppressants can be added appropriately according to the pathological type of myocarditis.” Given the
limited clinical evidence, the effects of these therapies in FM patients warrant further investigation.

Limitations

This study exhibits several limitations. Firstly, it was a retrospective study characterized by a relatively small sample size
and inherent bias. The majority of patients were referred to the cardiology departments of three centers during the severe
stages of the disease. This circumstance led to the inclusion of patients with FM whose initial echocardiogram indicated an
LVEF < 40%, thereby causing selection bias. Secondly, this study was conducted in China. The background of the patient
population and clinical practices may vary from those in other countries, which could potentially restrict the generalizability
of the research findings in other regions or populations. Thirdly, based on the utilization of ACE inhibitors, 124 patients
with FM were further divided into subgroups. This division led to a decline in the number of patients in each subgroup,
diminished statistical power, and further constrained the study’s capacity to assess the benefits of ACE inhibitors use.
Furthermore, owing to the absence of data regarding the dosage of ACE inhibitors and post-medication blood pressure
changes, a more comprehensive analysis cannot be performed. Fourthly, the initial analysis of this study solely concentrated
on patients who survived and were discharged, without including in-hospital deaths. Fifthly, only 66.13% of patients
underwent EMB and were not tested for specific virus types. This situation made it challenging to ascertain the influence of
different histological subtypes and/or viral subtypes on cardiac function during the follow-up period. Finally, the study
design only centered on patients with FM and did not conduct a comparative analysis between FM cases and NFM cases.
This situation needs to be considered in combination with the background of the study population.

Conclusion

ACE inhibitors may hold the potential to improve LV function and impede chronic persistent cardiac dysfunction in
patients with FM under tMCS combined with IT. However, an increase in the LVEDD may potentially undermine the
benefits during long-term follow-up. These findings offer evidence in support of background ACE inhibitor therapy for
FM patients and highlight the significance of preventing the development of chronic persistent cardiac dysfunction.
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tMCS: Temporary mechanical circulatory supports; IT: Immunoregulatory therapy; FM: Fulminant myocarditis; ACE:
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