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Abstract

Fulminant myocarditis (FM) may lead to cardiogenic shock requiring veno-arterial extracorporeal membrane oxygenation
(VA-ECMO). Results of effectiveness studies of VA-ECMO have been contradictory. We evaluated the aggregate short-term
mortality after VA-ECMO and predictive factors in patients with FM. We systematically searched in electronic databases
(February 2022) to identify studies evaluating short-term mortality (defined as mortality at 30 days or in-hospital) after
VA-ECMO support for FM. We included studies with 5 or more patients published after 2009. We assessed the quality of
the evidence using the QUIPS and GRADE tools. Mortality was pooled using random effect models. We performed meta-
regression to explore heterogeneity based on a priori defined factors. We included 54 observational studies encompassing
2388 FM patients supported with VA-ECMO. Median age was 41 years (25th to 75th percentile 37-47), and 50% were female.
The pooled short-term mortality was 35% (95% CI 29-40%, I = 69%; moderate certainty). By meta-regression, studies with
younger populations showed lower mortality. Female sex, receiving a biopsy, cardiac arrest, left ventricular unloading, and
earlier recruitment time frame, did not explain heterogeneity. These results remained consistent regardless of continent and
the risk of bias category. In individual studies, low pH value, high lactate, absence of functional cardiac recovery on ECMO,
increased burden of malignant arrhythmia, high peak coronary markers, and IVIG use were identified as independent pre-
dictors of mortality. When conventional therapies have failed, especially in younger patients, cardiopulmonary support with
VA-ECMO should be considered in the treatment of severe FM.
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viral infection [2], and it may progress rapidly to refrac-
tory cardiogenic shock (CS) and death. In refractory CS,
early initiation of mechanical circulatory support (MCS) is
a critical therapeutic option to rescue these patients [3-5].
Recent evidence [6] indicates that there is a rising trend
in the utilization of MCS strategies such as veno-arterial
extracorporeal membrane oxygenation (VA-ECMO), and the
percutaneous ventricular assist devices (VAD) Impella and
TandemHeart, whereas the usage of the intra-aortic balloon
pump has declined. The success of MCS depends on ade-
quate timing of initiation, pre-existing patient comorbidities,
and severity of peripheral organ hypoperfusion. In recent
years, VA-ECMO is often used as first-line MCS because it
can be introduced quickly [1, 3, 7]. Other advantages of VA-
ECMO include biventricular support, which is often needed
in FM patients, and respiratory support through the use of
an oxygenator to the circuit in patients with concomitant
respiratory failure.

FM is often a reversible process, and VA-ECMO can be
used as a bridge to recovery or less commonly heart trans-
plantation (HTx) or durable VAD. Due to the significant
cost and risks associated with VA-ECMO, such as failure
or rupture of any part of the VA-ECMO circuit, as well as
bleeding, thromboembolic, neurologic, vascular, and infec-
tious complications [8], timely decision-making, refined
patient selection, and the availability of an experienced team
may favorably impact outcomes in patients supported with
VA-ECMO. The conflicting results from previous published
data with respect to short-term outcomes in FM patients on
VA-ECMO is most likely a result of small sample size [3-5,
9-11] or single-center cohorts [3, 5, 11]. Thus, conducting a
meta-analysis on aggregate study data may offer some ben-
efit over individual study reports. Therefore, we sought to
evaluate short-term mortality after VA-ECMO in patients
with FM in a systematic review and meta-analysis.

Materials and methods

This study was conducted in accordance with the PRISMA
statement for reporting on meta-analysis evaluating progno-
sis or diagnosis [12]. As this study is a systematic review and
meta-analysis including aggregate data from studies already
published, ethics approval was not required.

Data sources and searches

A comprehensive search strategy was developed for the
two core concepts, myocarditis and ECMO. The initial
search strategy was developed for Ovid Medline by using
a combination of database-specific subject headings and
text words. The search strategy was then customized for
each database. Searches were executed on July 9, 2020,
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and repeated on February 10, 2022, in the following
databases: Ovid MEDLINE, Ovid EMBASE, Cochrane
CENTRAL (Ovid), and Cochrane Database of Systematic
Reviews (Ovid). Limits were applied for humans, adults
(> 18 years), and years 2009 to present. See Supplemen-
tary Appendix A for search strategies. Additional search
methods included screening references of included studies.

Study selection

We included observational studies or post hoc analysis of
randomized controlled trials on adult (> 18 years) patients
with myocarditis, evaluating short-term mortality after
VA-ECMO implantation, as well as any predictor associ-
ated with short-term mortality with univariable or multi-
variable analysis. Short-term mortality included 30-day
mortality, death during index hospitalization, or death on
ECMO. In the case of two studies reporting on the same
cohort, we included studies with the larger population or
both studies only if they reported on different predictors.
There were no restrictions on language or publication sta-
tus. We included abstracts if they provided sufficient infor-
mation to characterize the population and short-term mor-
tality. We restricted inclusion to studies with > 5 patients
published in 2009 or after, to represent more contemporary
VA-ECMO strategies and patient management. Studies
were excluded if they did not include patients who died
within the first 24 h from their analysis, due to the risk of
patient selection bias.

Using a study eligibility form (Supplementary Appendix
B), independent reviewers selected citations by screening
titles and abstracts in duplicate. Reviewers, independently
and in duplicate, also screened the full texts of any citations
deemed eligible during the title and abstract screening phase.
In cases of disagreement, consensus was reached through
discussion or participation of a third reviewer if deemed
necessary.

Data abstraction

We abstracted data from eligible studies related to study
and population characteristics (Supplementary Table S1 and
Supplementary Table S2), as well as the number of deaths at
different time points and follow up times allowing multiple
mortality outcomes to be abstracted from one paper (Sup-
plementary Table S2). In addition, we abstracted data on
any predictor of mortality including their definition, effect
estimate, and confidence interval. In studies reporting results
from univariable and multivariable analyses, we abstracted
the effect of a predictor reported in both univariable and
multivariable regression models.
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Risk of bias assessment

We performed risk of bias assessment for each included
study using the Quality in Prognosis Studies (QUIPS) tool
[13]. Given that the focus of our review was overall prog-
nosis, we only appraised risk of bias based on methods
of patient selection (consecutive or random patient selec-
tion), study attrition (complete follow-up), and outcome
measurement. For each domain, we judged risk of bias as
low, moderate, or high. If all domains were at low risk of
bias, we judged the overall risk of bias to be low. If two
or more domains were at high risk of bias, we judged the
overall risk of bias to be high. For all other combinations,
we judged the overall risk of bias to be moderate.

Certainty in the evidence

The Grades of Recommendation, Assessment, Develop-
ment, and Evaluation (GRADE) approach [14], assess-
ing confidence in estimates across studies, was used to
appraise our confidence in the pooled estimates from the
gathered evidence. We assessed risk of bias at the outcome
level considering risk of bias at the study level along with
inconsistency, imprecision, indirectness, and reporting
bias. We formally assessed publication bias with funnel
plots at different stages in the analysis. We summarized
confidence in estimates as high, moderate, low, or very
low.

Data synthesis and statistical analysis

Study and population characteristics were summarized and
reported using proportions (percentage) for categorical vari-
ables and median and 25th and 75th percentiles for continu-
ous variables. To assess for overall risk of mortality, we
pooled short-term mortality of the studies using an inverse
variance method in a random-effects model reporting an
overall pooled estimate with its respective 95% confidence
interval (CI).

To evaluate for any potential regional variation in mortal-
ity, we grouped studies by continent and used meta-regression
to evaluate differences in survival estimates across regions
adjusted for the population mean age. Furthermore, to explore
heterogeneity in mortality estimates across studies, we used
univariable meta-regression evaluating the effect of average
population age, proportion of females, patients with cardiac
arrest, patients who received a biopsy or left ventricular (LV)
unloading, as well as temporal variation based on first year of
the recruitment time frame.

As all 7 predictors in multivariate models were reported
only in 1 study or were defined differently according to

study, the effect estimates could not be pooled together, and
therefore were not meta-analyzed.

We used the same statistical plan described above to
meta-analyze the overall risk of VAD or HTx after VA-
ECMO implant, as well as ECMO complications, and
explore heterogeneity using meta-regression. The results
were provided as overall pooled estimates with their respec-
tive 95% Cls.

A two-sided p-value of 0.05 or lower was considered
statistically significant. Stata 15.1’s metaprop and Review
Manager 5 provided the statistical platform for the conduct
of our meta-analysis.

Results
Study selection and patient characteristics

After screening 8070 citations, 54 studies (37 full text articles
and 17 abstracts) comprising 2388 FM patients on VA-ECMO
were included (Fig. 1; see Supplementary Appendix C for
the 54 study references). Of these, all reported on short-term
mortality, and only 3 studies reported on factors associated
with mortality.

Overall study demographics and clinical characteristics
of FM patients treated with VA-ECMO are summarized in
Table 1. The median sample size was 12 (25th to 75th per-
centile 7-27) patients, 43 (80%) of the studies were from
single centers, and 40 (85%) of the studies were from Europe
and Asia. The FM patient population had a median age of
41 (37-47) years, an equal distribution of sex, and a low
burden of comorbidities (5 studies). Although a biopsy was
taken to verify the diagnosis of FM in 12 studies (n=243),
only 9 studies (n=133) explicitly included biopsy positivity,
and the majority of these biopsy positive cases were cat-
egorized as lymphocytic myocarditis (65%). Cardiac arrest
was observed in 465 (32%) patients (14 studies), and one-
third of these occurred out of hospital. In 6 studies (n =298),
56 (19%) patients received steroids. Co-management with
LV unloading was seen in 314 (66%) patients (14 studies)
whereof an intra-aortic balloon pump was most commonly
used (n=295 (60%), 14 studies). The median ECMO dura-
tion was 7.3 days (6.0-9.4 days; n=465, 22 studies), and at
discharge, the median ejection fraction was 49% (48-58%;
n=137, 5 studies).

Risk of bias of individual studies

All studies were retrospective cohort studies. For short-term
mortality at 30 days or during index hospitalization, the
risk of bias across studies was considered low in 18 (36%),
moderate in 24 (48%), and high in 8 (16%; Supplementary
Table S3a). Full text was available for 37 (69%) of studies.
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Records identified through database searching
Total (n =9804): MEDLINE ALL (n = 2521);
EMBASE (n = 7165); Central (n = 118)

l

Records after duplicates removed
(n=28070)

l

Records screened
(n=28070)

l

Full-text articles assessed for eligibility
(n=938)

l

Studies included in critical appraisal
Total (n = 54): Full text articles (n =
37); Abstracts (n=17)

Fig. 1 Study selection flow

The main reason for downgrading risk of bias was related to
study attrition (incomplete follow-up, 28 studies) and patient
selection (non-consecutive sampling, 13 studies). Similar
tendencies were seen for the short-term mortality death on
ECMO (Supplementary Table S3b).

Short-term mortality
All studies reported on short-term mortality: 50 studies
reported on either 30-day mortality (n=142, 13 studies) or

death during index hospitalization (n=2328, 47 studies),
and 36 studies reported on death on ECMO (n=945). The
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Records excluded
(n=7133)

Full-text articles excluded (n = 884)

Reasons:

e No specific etiology

e No report on mortality

e Duplicate population

e Wrong population — no fulminant
myocarditis patients

e <5 fulminant myocarditis patients

e Abstract providing insufficient
information

e Other type of articles: reviews,
editorials, decision analysis,
protocol/intervention assessment

e  Pediatric population

e Mixed veno-venous and veno-arterial
extracorporeal membrane oxygenation

e Ventricular assist device or heart
transplantation patients bridged with
veno-arterial extracorporeal membrane
oxygenation

e  Published before 2009

overall pooled short-term mortality at 30 days or during
index hospitalization was 35% (95% CI 29-40%; Fig. 2),
and there was no difference in the pooled effect estimate
based on sub-group analysis according to risk of bias
(p=0.14) and continent (p =0.79; data not shown). By meta-
regression, older age (p =0.023) was associated with higher
mortality, explaining 28% of the variation in results across
studies (Supplementary Fig. S1). Other factors, such as the
proportion of female patients, the proportion of those who
received a biopsy, cardiac arrest, LV unloading, and earlier
recruitment time frame did not explain heterogeneity across
studies. The quality of the evidence on short-term mortality
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Table 1 Overall study
demographics and clinical
characteristics of FM patients
treated with VA-ECMO

Variable Patients Studies Overall
Study demographics
Number of patients, n 2388 54
Study sample size, n 2388 54 12 (7-27)
Year published 2388 54 2019 (2015-2021)
Earlier recruitment time frame 2373 52 2009 (2004-2011)
Single center, n (%) 2368 53 43 (80)
Study type, n (%) 2388 54
Single group 1470 34 34 (63)
Comparative groups 918 20 20 (37)
Retrospective, n (%) 2388 54 48 (89)
Continent, n (%) 1374 47
Australia 24 2 24
Asia 815 19 22 (40)
Europe 272 21 21 (45)
North America 263 5 5(11)
Patient characteristics
Age, years 1786 25 40.8 (37.2-46.5)
Female sex, n (%) 1774 24 893 (50)
Laboratory values
Creatinine, mg/dL. 64 3 1.86 (1.47-2.03)*
Bilirubin, mg/dL 114 3 1.45 (0.77-8.22)*
Lactate, mg/dL 138 5 5.50 (3.24-9.82)
Comorbidities
Hypertension, n (%) 270 4 23 (9)
Diabetes, n (%) 351 4 20 (6)
Smoking, n (%) 7 1 5(71)
Diagnosis of FM
Biopsy, n (%) 500 12 243 (49)
Biopsy positive 201 9 133 (66)
Lymphocytic 81 5 53 (65)
Non-lymphocytic 81 5 4(5)
Eosinophilic 81 5 1(1)
Giant cell 169 6 74
Unknown 87 6 0(0)
Cardiac magnetic resonance imaging, n (%) 228 4 21 (9)
Serum virus detection, n (%) 265 4 187 (71)
Autoimmune, n (%) 57 1 1(2)
Coronary angiography, n (%) 195 1 70 (36)
Other ways of diagnosis, n (%) 11 1 8 (73)
Pre-ECMO
Arrhythmia, n (%)
Ventricular tachycardia/fibrillation 141 4 61 (43)
Third-degree atrioventricular block 161 5 37 (23)
Cardiac arrest, n (%) 1468 14 465 (32)
Out of hospital cardiac arrest 109 4 30 (28)
Extracorporeal cardiopulmonary resuscitation 199 6 36 (18)
Cardiac arrest to ECMO, minutes 26 2 70.5 (50.9-90)*
During ECMO (co-therapies)
Medications, n (%)
Dopamine 318 5 180 (57)
Dobutamine 223 4 189 (85)
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Table 1 (continued)

Variable Patients Studies Overall
Milrinone 201 2 35(17)
Norepinephrine 228 4 136 (60)
Epinephrine 296 4 211 (71)
Steroids 298 6 56 (19)
Immunoglobulin 300 4 88 (29)

Left ventricular unloading, n (%) 476 14 314 (66)
Intra-aortic balloon pump 489 14 295 (60)
Impella 70 5 22 (31)
Ventricular assist device 0 0 0(0)

Total artificial heart 11 1 109)

Post-ECMO
ECMO duration, days 465 22 7.3 (6.0-9.4)
Ejection Fraction at discharge, % 137 5 49.0 (47.5-58.4)

Values are expressed as means + standard deviation (SD), medians and interquartile ranges (IQRs), or fre-

quencies or proportions

* . .. . . . .
Reported as medians and minimum and maximum values since 3 or fewer studies reported on these vari-

ables

FM indicates fulminant myocarditis, VA-ECMO veno-arterial extracorporeal membrane oxygenation

at 30 days or during index hospitalization was deemed
moderate due to unexplained residual heterogeneity (Sup-
plementary Fig. S2 and Supplementary Table S4). Similar
tendencies were seen for the overall pooled effect estimate
for death on ECMO; however, none of the aforementioned
factors explained heterogeneity across studies (Supplemen-
tary Fig. S3, Supplementary Fig. S4, and Supplementary
Fig. S2 and Supplementary Table S4, respectively).

Factors associated with short-term mortality

A total of 7 predictors of short-term mortality were evalu-
ated in univariate and multivariate analyses (n= 180, 3 stud-
ies; Table 2), and they were all independently associated
with higher mortality. Whereas high lactate was reported in
2 studies, the other predictors were only reported in 1 study.

VAD or HTx after VA-ECMO implant

Twenty-four (44%) studies, including a total of 651 patients,
reported on probability of receiving a VAD or HTx after
VA-ECMO. The overall pooled effect estimate for VAD
implantation was 2.2% (95% CI 0.1-5.9%). Risk of bias
across studies, continent, age, female sex, receiving a
biopsy, cardiac arrest, LV unloading, or earlier recruitment
time frame (Supplementary Fig. S5) did not explain varia-
tion in results across studies. The pooled probability of HTx
was 3.7% (95% CI 0.5-8.8%). Studies with lower propor-
tion of LV unloading showed higher probability of HTx
after VA-ECMO (p =0.004). Other factors explored were
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not associated with differences in mortality across studies
(Supplementary Fig. S6).

ECMO complications and complications from FM

Only 8 (15%) of the 54 studies reported on complications
and with the most common being blood transfusions (55%,
95% CI 0-100%, reported in 2 studies) or bleeding (40%,
95% CI 23-59%, 6 studies), dialysis (35%, 95% CI 12-62%,
6 studies), infections (35%, 95% CI 16-56%, 8 studies), and
third-degree atrioventricular block (30%, 95% CI 0-78%, 3
studies; Supplementary Fig. S7).

Discussion

In this systematic review and meta-analysis, consisting of 54
studies including a total of 2388 FM patients on VA-ECMO,
we showed that the pooled estimate of short-term mortality
in FM patients on VA-ECMO was 35% (95% CI 29-40%).
Older age was the only factor associated with higher short-
term mortality, explaining 28% of the variation in results
across studies. The probability of receiving a VAD or HTx
after VA-ECMO implant was low, and the probability of
receiving a HTx was even lower in patients who received
LV unloading during VA-ECMO support. These results
remained consistent regardless of continent and the risk
of bias category. The most frequent major complications
included blood transfusions/bleeding, as well as acute kid-
ney injury requiring dialysis, and infections.
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Events per 100 Weight Weight
Study Events Total observations Events 95%-Cl (common) (random)
R. Van der Boon 2021 0o 17— : 0.00 [0.00; 19.51] 0.7% 2.1%
A. Hurtado-Doce 2015 0 7T 0.00 [0.00; 40.96] 0.3% 1.4%
A. Marcos-Morales 2021 0 7 '—~:— 0.00 [0.00; 40.96] 0.3% 1.4%
M. Masumura 2013 0 6 —— 0.00 [0.00; 45.93] 0.3% 1.3%
M. Schmidt 2015 3 18 —-'—*-:— 16.67 [3.58; 41.42] 0.8% 2.2%
B. kim 2014 5 27 —— 18.52 [6.30; 38.08] 1.2% 2.5%
S. Jaamaa-Holmberg 2019 3 16 —*—% 18.75 [4.05; 45.65] 0.7% 2.1%
J. Martinez-Solano 2021 1 6 . 16.67 [0.42; 64.12] 0.3% 1.3%
X. Liao 2018 7 33 ——r 21.21 [8.98; 38.91] 1.4% 2.6%
W. Li 2020 2 9 : 2222 [2.81; 60.01] 0.4% 1.6%
S. Gao 2021 2 9 - 2222 [2.81; 60.01] 0.4% 1.6%
K. Hirose 2017 2 8 : 25.00 [3.19; 65.09] 0.4% 1.5%
A. Burdorf 2016 2 8 . 25.00 [3.19; 65.09] 0.4% 1.5%
S. Liu 2020 8 29 — 27.59 [12.73; 47.24] 1.2% 2.5%
R. Lorusso 2016 16 57 —-—+ 28.07 [16.97; 41.54] 2.4% 2.9%
S. Montero 2018 3 M ——— 27.27 [6.02; 60.97] 0.5% 1.7%
M. Huang 2019 10 34 —'—:— 29.41 [15.10; 47.48] 1.5% 2.6%
J. Xie 2015 2 7 . 28.57 [3.67; 70.96] 0.3% 1.4%
L. Slegers 2009 3 10 T 30.00 [6.67; 65.25] 0.4% 1.7%
V. Gariboldi 2010 3 10 : 30.00 [6.67; 65.25] 0.4% 1.7%
T. Fux 2019 3 10 = 30.00 [6.67; 65.25] 0.4% 1.7%
J. Sanchez-Salado 2019 3 10 : 30.00 [6.67; 65.25] 0.4% 1.7%
M. Mirabel 2011 11 35 —-—:— 31.43 [16.85; 49.29] 1.5% 2.6%
U. Higashujma 2020 4 13 —— 30.77 [9.09; 61.43] 0.6% 1.9%
R. Buzzi 2020 5 16 —‘—":— 31.25 [11.02; 58.66] 0.7% 2.1%
C. Catarina Costa 2021 5 15 —_——s 33.33 [11.82; 61.62] 0.7% 2.0%
J. Nunez 2021 338 956 s 35.36 [32.32; 38.48] 40.3% 3.4%
A. loforte 2014 2 6 . 33.33 [4.33; 77.72] 0.3% 1.3%
P. Turgeon 2021 2 6 T 33.33 [4.33; 77.72] 0.3% 1.3%
M. Matsumoto 2013 7 20 —H— 35.00 [15.39; 59.22] 0.9% 2.2%
J. Chang 2017 76 195 - 38.97 [32.09; 46.20] 8.2% 3.3%
K. Ishida 2013 8 20 —,L-— 40.00 [19.12; 63.95] 0.9% 2.2%
F. Amin 2021 6 15 —'-IH— 40.00 [16.34; 67.71] 0.7% 2.0%
B. Schrage 2018 4 10 T 40.00 [12.16; 73.76] 0.4% 1.7%
T. Nakamura 2015 9 22 —'"Ir*— 40.91 [20.71; 63.65] 0.9% 2.3%
Q. Zhang 2020 2 5 = 40.00 [5.27; 85.34] 0.2% 1.1%
S. Chong 2018 15 35 —IL*— 42.86 [26.32; 60.65] 1.5% 2.6%
G. Chatzis 2021 3 7 . 42.86 [9.90; 81.59] 0.3% 1.4%
H. Chou 2020 39 88 T — 44.32 [33.73; 55.30] 3.7% 3.1%
M. Panhwar 2019 94 200 :—°— 47.00 [39.92; 54.17] 8.4% 3.3%
J. Ali 2020 3 6 - 50.00 [11.81; 88.19] 0.3% 1.3%
L. Girard 2021 7 14 —,L—+— 50.00 [23.04; 76.96] 0.6% 1.9%
M. Mendoza-Prieto 2021 4 8 | 50.00 [15.70; 84.30] 0.4% 1.5%
G. Kim 2017 7 13 — 53.85 [25.13; 80.78] 0.6% 1.9%
F. Schoenrath 2016 4 7 . 57.14 [18.41; 90.10] 0.3% 1.4%
S. Aso 2016 106 186 ;  —=— 56.99 [49.54; 64.21] 7.8% 3.3%
K. Hsu 2011 31 51 | 60.78 [46.11; 74.16] 2.2% 2.9%
H. Wang 2021 29 40 ! —_— 72.50 [56.11; 85.40] 1.7% 2.7%
C. McDonald 2021 5 6 T 83.33 [35.88; 99.58] 0.3% 1.3%
J. Sieweke 2020 7 7 : — 100.00 [59.04; 100.00] 0.3% 1.4%

I
vl

Common effect model 2351 R 3 37.65 [35.53; 39.78] 100.0% --
Random effects model << 34.68 [29.16; 40.39] -~ 100.0%
Prediction interval [ 8.07; 66.91]

Heterogeneity: 1% = 69%, p <0.01 ' ' I ' ' '
0 20 40 60 80 100

Fig.2 Meta-analysis of pooled short-term mortality (30-day mortality or death during index hospitalization) among fulminant myocarditis
patients treated with veno-arterial extracorporeal membrane oxygenation in multivariate studies
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Table 2 Factors associated with short-term mortality

Population study Number of patients and Predictor

outcomes

Analysis Type of risk  Average 95% CI

risk

Lorusso et al. (2016) 57 FM patients on VA-ECMO;
16 deaths during index

pH value of arterial gas (before Multivariate beta-coef (SE) —14.25 7.15
ECMO implant)

hospitalization Lactate normalization (hours ~ Multivariate beta-coef (SE) 0.029 0.012
from ECMO implant)
Absence of functional cardiac ~ Multivariate beta-coef (SE) 5.29 1.77
recovery on ECMO
Chou et al. (2020) 88 FM patients on VA-ECMO; VT/VF/asystole during ECMO Multivariate OR (95% CI) 3.45 1.23-9.09
20 deaths on ECMO and setup
39 deaths during index peak CKMB, + 100 pg/L Multivariate OR (95% CI)  1.35 1.03-1.75
hospitalization IVIG use no later than ECMO  Multivariate OR (95% CI) 0.4 0.14-1.11
Chong et al. (2018) 35 FM patients on VA-ECMO; Lactate initial, mg/dL Univariate  HR (95% CI) 1.020 1.006-1.033
15 deaths during index Lactate 24 h, mg/dL Univariate HR (95% CD)  1.057  1.029-1.086
hospitalization Peak troponin-I, ng/mL Univariate HR (95% CI) 1.009 1.001-1.016
Peak CKMB, ng/mL Univariate  HR (95% CI) 1.005 1.002-1.008
pH value of arterial gas Univariate HR (95% CI) 0.064 0.008-0.527
The need of hemodialysis, % Univariate  HR (95% CI) 5.744 1.807-18.254
Hypoxic encephalopathy, % Univariate HR (95% CI) 3.623 1.220-10.763
Lactate 24 h, mg/dL Multivariate HR (95% CI) 1.064 1.029-1.099
Peak troponin-I, ng/mL Multivariate HR (95% CI) 1.014 1.004-1.024

FM indicates fulminant myocarditis, VA-ECMO veno-arterial extracorporeal membrane oxygenation, VT ventricular tachycardia, VF ventricular
fibrillation, /VIG intravenous immunoglobulin, befa-coef beta-coefficient, SE standard error, OR odds ratio, HR hazard ratio, CI confidence interval

Relation to previous work
Pooled analyses

To date, there are no large clinical trials evaluating outcomes
in FM patients supported with VA-ECMO. In this context,
the performance of pooled analyses ascertains outcomes
and the effect of prognostic factors more precisely. A previ-
ously conducted meta-analysis by Chen et al. [15] reported
a pooled estimate of in-hospital mortality of 33% (95% CI
26-41%) in 170 FM patients requiring VA-ECMO across 6
studies, which is comparable to our pooled estimate of short-
term mortality (35%; 95% CI 29-40%). However, some dif-
ferences are worth mentioning. Whereas Chen et al. [15]
only included full-text studies in English and with 10 or
more FM patients published between 2000 and 2012, we had
broader inclusion criteria (both full-text studies and abstracts
in any language with 5 or more FM patients published in
2009-2022). In addition, Chen et al. [15] only included in-
hospital mortality, whereas we included 30-day mortality,
death during index hospitalization, and death on VA-ECMO.
Based on our expanded inclusion criteria, we included a total
of 54 studies, of which 50 were published after 2012. As
a result of the larger number of patients with FM on VA-
ECMO included in the present study, we were able to report
a more precise pooled estimate of short-term mortality with
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narrower confidence intervals. We were also able to explore
heterogeneity and showed that older age increased short-
term mortality. Furthermore, as we only included studies
published after 2009, our results represent more contempo-
rary VA-ECMO strategies and patient management.

The favorable results of VA-ECMO in FM patients are
noticeably highlighted when the usage of VA-ECMO is
compared across different etiologies. In a recent large sys-
tematic review and meta-analysis of 29,289 CS patients sup-
ported with VA-ECMO, Alba et al. [16], in a more restrictive
analysis, showed a low pooled estimate of short-term mortal-
ity of FM patients of 40% (95% CI 33-46%) compared to
other etiologies such as post-myocardial infarction (60%;
95% CI 57-64%), and heart failure (53%; 95% CI 46-59%).
The association of lower mortality in FM patients supported
with VA-ECMO could be partly explained by the nature of
the disease, in which the probability of myocardial recovery
is high if the hemodynamic status can be maintained. In con-
trast, cardiac recovery is less likely in other etiologies based
on the presence of irreversible myocardial injury [17, 18].

Impact of risk factors on short-term mortality
Our finding of favorable results of VA-ECMO in FM

patients who are younger is consistent with the ECMO lit-
erature [17, 19-21]. For instance, in one study of 135 FM
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patients who received VA-ECMO, the mean age of sur-
vivors was lower (51.9+17.6 years) than non-survivors
(62.1 +15.4 years) [19]. Evidence indicates that the poor
prognosis in the elderly is probably due to comorbidities
with advanced age [20]. In contrast to previous work [21],
we did not find a benefit of VA-ECMO initiation in those
without cardiac arrest. In addition, our finding that sex did
not influence short-term mortality of FM patients on VA-
ECMO is in accordance with some but not all of the ECMO
literature [22, 23]. The fact that these studies are confined
to small cohorts or single centers might contribute to the
conflicting results.

Short-term mortality risk is of the utmost importance
when deciding on the utility of treatment, particularly when
considering a very resource intensive and costly intervention
such as VA-ECMO [24]. This underlines the importance of
identifying predictors that determine which patient groups
have the highest chance of survival. This systematic review
found that only 3 small mostly single-center studies (includ-
ing 180 of the 2388 FM patients) reported on predictors.
Moreover, these 3 studies reported on different predictors
associated with short-term mortality and with only a very
small overlap among the studies, making it difficult to pool
together the effect estimates of the predictors and use these
to guide clinical decisions. In addition, other factors impact-
ing short-term mortality during VA-ECMO support (i.e.,
comorbidities, peak lactate level, liver injury, respiratory
status, or renal function) were poorly reported (see Supple-
mentary Table S2). Differences in these factors could per-
haps explain variation in short-term mortality across studies.
Consequently, it is of utmost importance to identify predic-
tors which may aid clinicians in timely decision-making for
VA-ECMO initiation in FM.

Complications

The complication rates in the present study were rather high.
However, each complication was only reported in 2 to 8
studies, and consequently the variability of each complica-
tion was very high among studies. For instance, blood trans-
fusions were reported in only 2 studies with a range of 0 to
100%, and bleeding was reported in 6 studies with a range
of 23 to 59%. In addition, it is worth noting that several of
the complications were not necessarily complications related
to VA-ECMO but rather to the underlying disease of FM.

Coronavirus disease 2019

Myocarditis due to coronavirus disease 2019 (COVID-19)
is a severe complication of the disease. Studies evaluating
outcomes and management of patients with COVID-19
myocarditis are scarce. In addition, due to the respiratory

compromise of COVID-19 patients, some patients received
primarily ECMO for respiratory failure associated with
subsequent multi-organ failure [25]. In an international
cohort study of the Extracorporeal LIFE Support Organi-
zation (ELSO) registry, 1035 patients with COVID-19
received ECMO support (including both VA and venous-
venous) at 213 hospitals in 36 countries. Of these, only
22 (2%) had myocarditis. However, separate mortality
rates for the myocarditis patients were not reported [26].
Most of the evidence on mortality rates in FM patients
with COVID-19 who receive VA-ECMO treatment comes
from case reports [27-29]. Zeng et al. [27] reported the
first case of COVID-19-induced FM in a 63-year-old male
requiring VA-ECMO as a successful bridge to recovery.
Since then, others have reported similar success of VA-
ECMO as a bridge to recovery in COVID-19-induced FM
in both sexes [28, 29]. Whether the pooled mortality esti-
mate reported in this meta-analysis could be extrapolated
to COVID-19 FM patients remains uncertain as COVID-19
infection presents with particular characteristics including
respiratory failure and pro-thrombotic risk among others.

Implications for clinical practice and future research

The pooled results of this meta-analysis indicate that VA-
ECMO should be considered in FM patients with cardiac
failure who have failed conventional therapies, especially
in younger patients. However, although a meta-analysis
on aggregate study data may offer additional information
over individual study reports, there is still a high varia-
tion in the results across studies with insufficient explora-
tion of the different sources of heterogeneity. Thus, future
research should focus on the performance of individual
patient data meta-analysis, registry, or multicenter large
prospective cohort studies, which offer improved qual-
ity of data and more robust analyses than meta-analysis
on aggregate study data ensuing more reliable results. In
addition, it is worth noting that the present study does
not inform us of whether or not patients with FM should
receive VA-ECMO, it only tells us what to expect if we
choose this modality. Many patients with FM can be
managed with inotropes alone and thereby avoid ECMO
related complications. This notion is supported by clinical
experience, as well as by previous work where not all FM
patients were treated with ECMO, and they still had a good
prognosis [30, 31]. However, due to ethical constraints,
research studies comparing outcomes in FM patients
treated with and without VA-ECMO are at risk of report-
ing biased worse outcomes in patients supported with
VA-ECMO due to patient selection bias. Future research
should focus on identifying characteristics of patients sup-
ported with VA-ECMO who would benefit more or less.
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Strengths and limitations

A major strength of the present systematic review and
meta-analysis is that we adapted broad inclusion criteria
and included all cohort studies published after 2009 evalu-
ating short-term mortality on VA-ECMO in FM patients.
We defined explicit study eligibility criteria and assessed
eligibility in duplicate. We followed the same approach
to assess the quality of the individual studies eligible for
inclusion (risk of bias) and for the data extraction. A final
strength of our review is the use of the GRADE approach to
rate our certainty in the pooled estimates. Some limitations
should also be considered. First, all of the data collected was
observational and retrospective in nature. Second, we pooled
different definitions of short-term mortality together (i.e.,
mortality on ECMO, mortality at 30 days, mortality during
index hospitalization) due to the limited studies and varied
definitions in the literature available. This could have intro-
duced some heterogeneity. However, Alba et al. [16] showed
that in a sub-analysis of their meta-analysis of 58 studies,
where each study reported on both 30-day mortality and
death during index hospitalization, and where the two end-
points were compared, there was no significant difference
in the risk estimates. Third, the management of VA-ECMO
encompasses a multidisciplinary approach and has changed
over time, leading to improved outcomes. To capture this
change and report on contemporary patient outcomes, we
arbitrarily limited the search to studies published after 2009.
However, this strategy does not entirely address this issue,
potentially leading to overestimation of mortality. Fourth,
factors impacting short-term mortality during VA-ECMO
support were poorly reported, and only included a small pro-
portion of the total population of 2388 FM patients, making
it difficult to explore whether these factors could perhaps
explain variation in short-term mortality across studies.
Fifth, we included studies with 5 or more FM patients, and
therefore center volume and experience may also influence
outcomes such that higher-volume centers report on lower
mortality than low-volume centers [32]. The total number of
cases performed at each center was not reported. Sixth, the
verification of FM by histological findings was not carried
out in all studies, and the indications for the initiation of
VA-ECMO were not uniform among studies.

Conclusion

With moderate certainty, the short-term mortality in patients
with rapidly progressive FM was 35%, with lower mortal-
ity in younger patients. When conventional therapies have
failed, cardiopulmonary support with VA-ECMO should be
considered, especially in the treatment of younger patients
with severe FM. There is a need for more prospective studies

@ Springer

exploring the utility of VA-ECMO in severe FM, as well
as factors related to short-term mortality as careful patient
selection may further enhance outcomes.
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