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Abstract

Background: Myocardial infarction (MI) with non-obstructive coronary arteries (MINOCA) 

represents ~6% of all acute MI. Myocarditis is a diagnosis that may be identified by cardiac 

magnetic resonance (CMR) imaging in patients with a provisional diagnosis of MINOCA. The 

aim of the study was to determine the prevalence of myocarditis among patients presenting with 

MINOCA in relation to the angiographic severity of non-obstructive coronary artery disease 

(CAD).

Methods: We performed a systematic review to identify studies reporting the results of CMR 

findings in MINOCA patients with non-obstructive CAD or normal coronary arteries. Study-

level and individual patient-data meta-analyses were performed using fixed and random effects 

methods.

Results: 27 articles were included with 2,921 MINOCA patients; CMR findings were reported 

in 2,866 (98.1%). Myocarditis prevalence was 34.5% (95% CI 27.2%-42.2%) overall and 

was numerically higher in studies that defined MINOCA as MI with angiographically normal 

coronaries compared with a definition that permitted non-obstructive CAD (45.9% vs. 32.3%, 

p=0.16). In a meta-analysis of individual patient data from 9 of the 27 studies, the pooled 

prevalence of CMR-confirmed myocarditis was greater in patients with angiographically normal 

coronary arteries than those with non-obstructive CAD (51% [95% CI 47-56%] vs. 23% 

[18-27%], p<0.001). Men and younger MINOCA patients were more likely to have myocarditis. 

Angiographically normal coronaries were associated with increased odds of myocarditis after 

adjustment for age and sex (aOR 2.30, 95% 1.12-4.71; p=0.023).

Conclusion: Patients with a provisional diagnosis of MINOCA are more likely to have CMR 

findings consistent with myocarditis if they have angiographically normal coronary arteries.

Condensed Abstract:

Myocarditis may be identified by cardiac magnetic resonance (CMR) imaging in patients with a 

provisional diagnosis of myocardial infarction with non-obstructive coronary arteries (MINOCA). 

We performed a systematic review of 27 studies with 2,921 patients with provisional MINOCA 

diagnoses. Myocarditis prevalence was 34.5% overall. In a meta-analysis of individual patient 

data from 9 of the 27 studies, the pooled prevalence of CMR-confirmed myocarditis was greater 

in patients with angiographically normal coronary arteries than those with non-obstructive CAD 

(51% [95% CI 47-56%] vs. 23% [18-27%], p<0.001). Men and younger MINOCA patients were 

more likely to have myocarditis.
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Background:

Myocardial infarction with nonobstructive coronary arteries (MINOCA) represents 

approximately 6% of all acute myocardial infarctions (MI) and more often affects women 

and younger patients.1–5 MINOCA is a working diagnosis with a variety of potential 

underlying etiologies including coronary artery spasm, occult plaque rupture/erosion, 
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coronary thrombosis and thrombolysis, coronary embolism, and coronary dissection.2,5 

Alternative diagnoses in patients with suspected MINOCA include myocarditis and 

takotsubo syndrome.2 It is recommended that patients with a provisional diagnosis of 

MINOCA undergo a complete diagnostic workup including cardiac magnetic resonance 

imaging (CMR) where available, to identify the etiology of the MI presentation.2,5 CMR is 

a highly sensitive and specific imaging modality that can reliably identify myocarditis.6,7 

Studies reporting the frequency of myocarditis in patients presenting with MINOCA are 

small and heterogeneous, with prevalence of myocarditis reported to be between 4% and 

75% by CMR.8–21 This wide range may be related to demographics of enrolled participants, 

variations in the definition of MINOCA, as well as the timing of CMR after the initial 

presentation. The contemporary definition of MINOCA requires a clinical presentation 

consistent with the Universal Definition of MI and non-obstructive coronary arteries with 

<50% diameter stenosis in all major epicardial coronary vessels by coronary angiography.2,3 

However, some studies have used a <30% diameter stenosis cutoff or restricted the analysis 

to MI patients with angiographically normal coronary arteries. The aim of this systematic 

review was to clarify the prevalence of myocarditis by CMR among patients presenting with 

MINOCA overall and stratified according to coronary angiographic findings.

Methods:

We performed a comprehensive structured systematic review of the literature to identify 

studies reporting the results of CMR findings in patients with MI and non-obstructive 

or normal coronary arteries. In collaboration with a librarian with systematic review 

expertise, we searched PubMed/MEDLINE, Ovid EMBASE, Ovid Cochrane CENTRAL, 

and Web of Science databases through October 18th, 2018. We created a search strategy 

using keywords and appropriate subject headings for our main concepts: acute coronary 

syndrome or myocardial infarction, non-obstructive or normal coronary arteries, and 

magnetic resonance imaging. Studies were eligible for inclusion if they were published 

as full-text, English-language manuscripts that included original data on the prevalence of 

myocarditis as determined by CMR among patients with a provisional diagnosis of MI 

with non-obstructive coronary arteries (now termed MINOCA). We excluded abstracts from 

scientific conferences, articles that did not report CMR findings in all patients, studies that 

included patients without MI or did not specify a consistent definition of non-obstructive 

coronary artery disease (CAD) (such as definitions of MINOCA that required the “absence 

of a culprit lesion” or without a discrete threshold specified for maximum stenosis severity), 

and manuscripts that did not report the prevalence of myocarditis by CMR. Manuscripts 

that focused exclusively on patients with suspected takotsubo syndrome were also excluded 

from analysis. The initial search yielded 1,337 unique manuscripts eligible for screening 

(Figure 1). Two reviewers independently conducted review of titles and abstracts, with 

conflicts resolved through adjudication by a third reviewer. This resulted in the exclusion 

of 1,214 records. A full-text review of the remaining 123 studies excluded an additional 

100 studies that did not meet study eligibility criteria. Four additional references that met 

study eligibility criteria but were not returned during the database query were identified 

through expert review. All 27 studies were evaluated using the Newcastle-Ottawa Quality 

Assessment Scale, an instrument recommended by the Cochrane Collaborative Group for the 
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assessment of quality of nonrandomized observational studies.22 The definition of MINOCA 

and the frequency of CMR findings in patients with MINOCA were recorded for each 

eligible study. Myocarditis was defined according to non-ischemic regional distribution 

of late gadolinium enhancement alone in 15 studies and Lake Louise Consensus Criteria 

(non-ischemic late gadolinium enhancement with edema on T-2 weighted images) in 12 

studies.6

To complement study-level meta-analyses, corresponding authors of all eligible studies 

were contacted and invited to contribute de-identified data to an individual patient level 

meta-analysis. Nine authors responded and contributed de-identified data.

Pooled prevalence of myocarditis and its 95% confidence intervals (CIs) was estimated from 

meta-analysis, using either fixed-effects or random-effects models, depending on the degree 

of statistical heterogeneity present. Heterogeneity in the study estimates were assessed using 

I2 statistics. For the Higgins I2 test, statistical significance was set at 50% or greater. 

Study-level CMR data from the 27 publications were pooled and analyzed using random 

effects meta-analysis models to estimate the prevalence of myocarditis overall and within 

subgroups based on coronary angiographic findings. The prevalence of myocarditis was also 

estimated using fixed effects models of individual patient data. The association between 

sex, age, angiographic findings, and myocarditis was assessed using random effects meta-

analysis of individual patient data. The relationship between non-obstructive CAD and a 

CMR-confirmed diagnosis of myocarditis was adjusted for age and sex. Publication bias was 

tested using Egger’s test of asymmetry and visual inspection of a Funnel plot. A sensitivity 

analysis was performed excluding studies with small sample sizes and large variances 

to determine consistency of the general findings. All analyses were performed using 

STATA (version 15, College Station, TX, USA). All data used in this meta-analysis were 

de-identified and observational, and New York University School of Medicine institutional 

board review was not required for the meta-analysis. Each individual study received ethics 

committee/institutional review board approval at the time of recruitment.

Results

A total of 27 publications met the study inclusion criteria and were included in the 

systematic review (Figure 1, Supplemental Table 1). Of these, 5 studies defined the study 

cohort as MI with angiographically normal coronary arteries (0% angiographic diameter 

stenosis), 2 defined the study cohort based on MI with <30% diameter stenosis, and 20 

studies defined the study cohort based on MI with <50% diameter stenosis in all coronary 

arteries. These 27 studies reported CMR findings in 2,866 of the 2,921 MINOCA patients 

(98.1%). Lack of CMR completion was most commonly secondary to patient refusal, 

claustrophobia or lack of availability of CMR.

Study Level Meta-Analysis

The pooled prevalence of CMR-defined myocarditis in patients with a provisional diagnosis 

of MINOCA was 34.5% (95% CI 27.2%-42.2%) overall and 34.9% (95% CI 27.8%-42.4%) 

among those MINOCA patients who underwent CMR in the 27 studies that met study 

eligibility criteria. 19/27 (70%) were prospective studies. The prevalence of myocarditis 
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varied by study based on the maximum allowable diameter stenosis for a diagnosis 

of MINOCA. Overall, myocarditis prevalence was numerically greater when MINOCA 

was defined as MI with angiographically normal coronaries compared with a MINOCA 

definition that included non-obstructive coronary disease (<50% diameter stenosis) (45.9% 

[95% CI 28.8%-63.5%] vs. 32.3% [95% CI 24.6%-40.5%], test for heterogeneity between 

subgroups, p=0.16, I2), although this did not reach statistical significance (Figure 2). A high 

heterogeneity was observed in the analysis (I2 = 94.3%). A numerically greater prevalence 

of myocarditis was also observed in patients with angiographically normal coronary arteries 

after excluding 3 studies in which not all MINOCA patients had CMR (45.9% vs. 36.6%, 

test for heterogeneity between subgroups, p=0.33) (Supplemental Figure 1).

Prevalence of CMR confirmed Myocardial Infarction—Twenty-six studies including 

2,777 MINOCA patients with CMR data reported the frequency of CMR-confirmed 

myocardial infarction. The pooled prevalence of CMR findings of MI was 17.8% (95% 

CI 13.8-22.2%). Myocardial imaging by CMR was normal in 26.3% (95% CI 17.8-35.7%). 

There was no association between the study-level angiographic definition of MINOCA and 

the frequency of CMR-confirmed myocardial infarction (p=0.13) or normal CMR (p=0.47).

Meta-Analysis of Individual Patient Data

Authors of 9 studies contributed to a meta-analysis of individual patient data. Among 911 

patients with a provisional diagnosis of MINOCA undergoing CMR, the pooled prevalence 

of myocarditis was greater in patients with angiographically normal coronary arteries than in 

patients with non-obstructive CAD (51% [95% CI 47-56%] vs. 23% [18-27%], p<0.001) 

and angiographically normal coronary arteries were associated with increased odds of 

myocarditis (OR 3.44, 95% CI 1.88-6.29, p<0.001, Supplemental Figure 2) compared to 

non-obstructive CAD. A sensitivity analysis was performed excluding one study from 

the analysis due to small sample sizes, low rates of myocarditis, and large variances. A 

funnel plot and Egger’s test (p=0.43) of the remaining studies were not suggestive of 

publication bias (Supplemental Figure 3). In these 8 studies (n=896 patients), the mean age 

of participants was 53.2 years and 53% were female. Angiographically normal coronaries 

were associated with increased odds of myocarditis (OR 3.26, 95% CI 1.77-6.01, p<0.001; 

Supplemental Figure 4). In a random effects meta-analysis of individual patient data from 7 

studies that included men and women with suspected MINOCA (n=852 patients), female sex 

was associated with lower odds of myocarditis than male sex (OR 0.26, 95% CI 0.10-0.65, 

p=0.004). In the 7 studies that reported age (n=705), older age was also associated with 

a lower likelihood of myocarditis in MINOCA (OR 0.94 per year, 95% CI 0.93-0.95, 

p<0.001). Compared to individuals age <40 years with a provisional diagnosis of MINOCA, 

patients aged 40-49 (OR 0.28, 95% CI 0.18 - 0.45, p<0.001), 50-59 (OR 0.14, 95% CI 0.09 

- 0.24, p<0.001), 60-69 (OR 0.17, 95% CI 0.10 - 0.28, p<0.001), and age 70+ years (OR 

0.06, 95% CI 0.04 - 0.11, p<0.001) had lower odds of myocarditis (Supplemental Figure 5). 

In a multivariable model adjusted for age and sex, the finding of angiographically normal 

coronary arteries was independently associated with myocarditis (aOR 2.30, 95% 1.12-4.71; 

p=0.023; Table 1).
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Discussion:

This is the largest systematic review of CMR-confirmed myocarditis in MINOCA patients, 

and the first to report the relationship between CMR findings and angiographic severity of 

CAD in a study level and individual patient data meta-analysis. Myocarditis was identified 

in 34.5% of patients with MINOCA overall. This has significant clinical relevance, since 

the treatment of myocarditis differs substantially from that of ischemic mechanisms of 

MINOCA. In a prior meta-analysis, patients with myocarditis were younger, were more 

likely to be men, and had a low frequency of underlying cardiovascular risk factors, but the 

relationship between angiographic severity of CAD and the prevalence of myocarditis was 

not examined.10 In a meta-analysis of individual patient data, we found that angiographically 

normal coronary arteries were associated with three-fold increased odds of myocarditis. 

Younger patients and men were also more likely to have myocarditis, independent of 

angiographic findings. This is consistent with prior literature reporting that myocarditis 

is ~1.7 to 4-fold more common among men versus women and occurs at a median 

age of ~34 years23–25. In the study-level analysis, studies that defined MINOCA based 

on angiographically normal coronary arteries had a trend toward a higher prevalence of 

myocarditis by CMR imaging compared with studies that included MINOCA with non-

obstructive CAD. This larger analysis was limited by the inclusion of some patients with 

angiographically normal coronary arteries in studies that defined MINOCA based on ≤50% 

angiographic stenosis. These results suggest that patient age, sex, and angiographic severity 

of CAD in patients with a provisional diagnosis of MINOCA significantly impact the 

pre-test probability of myocarditis by CMR.

Large cohort studies have reported that MI with angiographically normal coronaries 

represents 47-76% of all MINOCA cases.26–29 Patients with angiographically normal 

arteries and MI tend to be younger, more often female and have fewer underlying 

cardiovascular comorbidities compared to patients who develop MINOCA in the setting 

of mild-to-moderate atherosclerosis.26,29 Though intracoronary imaging may reveal more 

atherosclerosis than is evident on angiography, available evidence suggests that plaque 

rupture is less likely when the arteries appear angiographically normal.11,30 The relationship 

between prognosis after MINOCA and the presence of any atherosclerosis on angiography 

has been variable in prior studies.12,26,28,31,32 Given the demographic, mechanistic and, in 

some studies, prognostic differences reported between MINOCA patients with and without 

any angiographic evidence of CAD, additional investigation is necessary to clarify whether 

diagnostic pathways and management strategies for MINOCA patients should differ based 

on degree of CAD discovered at the time of coronary angiography.

Limitations:

This systematic review is based on the published literature reporting CMR findings in 

MINOCA and may be subject to publication bias and referral bias for CMR. It is possible 

that patients without angiographic evidence of atherosclerosis were more likely to be 

referred for CMR. All included studies were observational and many were retrospective. 

However, after excluding studies in which CMR was not performed in all patients with 

MINOCA, the study results were remarkably consistent. Individual patient-level data for 
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all included studies were not available for meta-analysis and patient-level analysis was 

necessarily limited to a smaller sample for this reason. We were unable to independently 

confirm diagnoses of MINOCA, the severity of CAD, or CMR findings. CMR protocols 

varied by site, and variable use of T2-weighted imaging or T1 mapping, for example, could 

theoretically have impacted the results. In addition, sensitivity for myocarditis may increase 

in patients with higher troponin levels; troponin results were not consistently reported across 

studies and thus we were unable to correlate the prevalence of myocarditis with troponin 

levels.

Conclusions:

Myocarditis was identified on CMR in 35% of patients with suspected MINOCA in this 

systematic review. Angiographically normal coronary arteries were associated with greater 

than two-fold increased odds of CMR-confirmed myocarditis. Men and younger MINOCA 

patients were also more likely to have CMR-confirmed myocarditis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspectives:

Clinical Competency in Medical Knowledge:

Myocarditis can mimic acute myocardial infarction with non-obstructive coronary 

arteries (MINOCA) and diagnosis can be confirmed on CMR. The overall prevalence 

of myocarditis is ~35%.

Clinical Competency in Medical Knowledge 2:

Myocarditis is more frequent among MINOCA patients with angiographically normal 

coronaries compared to non-obstructive CAD. Myocarditis is also more common among 

men, and younger MINOCA patients.

Translational Outlook1:

Future prospective studies are needed to determine the best diagnostic strategies and 

treatments for patients presenting with a provisional diagnosis of MINOCA.
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Figure 1. 
PRISMA flow diagram of study selection process
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Figure 2: Proportion of myocarditis among patients and 95% confidence intervals with 
MINOCA based on the threshold angiographic diameter stenosis.
* Denotes studies that defined MINOCA based on <30% diameter stenosis by coronary 

angiography.
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Table 1.

Characteristics independently associated with CMR-confirmed myocarditis in patients with a provisional 

diagnosis of MINOCA in a meta-analysis of individual patient data.

Characteristic OR (95% CI) p-value

Angiographically Normal Coronaries 2.30 (1.12-4.71) 0.023

Female Sex 0.32 (0.16-0.63) <0.001

Older Age (per year) 0.96 (0.95-0.97) <0.001
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