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MINI-REVIEW

Role of Multimodality Imaging in the 
Assessment of Myocardial Infarction With 
Nonobstructive Coronary Arteries: Beyond 
Conventional Coronary Angiography
Brent Gudenkauf , MD; Allison G. Hays , MD; Jacqueline Tamis- Holland, MD; Jeffrey Trost, MD;  
Daniel I. Ambinder , MD; Katherine C. Wu , MD; Armin Arbab- Zadeh, MD, PhD, MPH;  
Roger S. Blumenthal , MD; Garima Sharma , MD

ABSTRACT: Myocardial infarction with nonobstructive coronary arteries (MINOCA) is a heterogeneous clinical entity, encom-
passing multiple different causes, and a cause of substantial morbidity and mortality. Current guidelines suggest a multimo-
dality imaging approach in establishing the underlying cause for MINOCA, which is considered a working diagnosis. Recent 
studies have suggested that an initial workup consisting of cardiac magnetic resonance and invasive coronary imaging can 
yield the diagnosis in most patients. Cardiac magnetic resonance is particularly helpful in excluding nonischemic causes 
that can mimic MINOCA including myocarditis and Takotsubo cardiomyopathy, as well as for long- term prognostication. 
Additionally, intracoronary imaging with intravascular ultrasound or optical coherence tomography may be warranted to evalu-
ate plaque composition, or evaluate for plaque disruption or spontaneous coronary dissection. The role of noninvasive imag-
ing modalities such as coronary computed tomography angiography is currently being investigated in the diagnostic approach 
and follow- up of MINOCA and may be appropriate in lieu of invasive coronary angiography in select patients. In recent years, 
many strides have been made in the workup of MINOCA; however, significant knowledge gaps remain in the field, particularly 
in terms of treatment strategies. In this review, we summarize recent society guideline recommendations and consensus 
statements on the initial evaluation of MINOCA, review contemporary multimodality imaging approaches, and discuss treat-
ment strategies including an ongoing clinical trial.
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Cardiovascular disease remains the leading cause 
of death in the United States, with 659 041 deaths 
in 2019.1 Although there has been a decline in 

coronary artery disease (CAD)- related mortality with 
contemporary treatment approaches, most current 
therapies are directed at the predominant cause of 
myocardial infarction— coronary arterial plaque disrup-
tion and thrombosis.2 However, early coronary angiog-
raphy studies documented that a notable number of 
patients with acute myocardial infarction (MI) demon-
strated no significant coronary artery obstruction, 

termed myocardial infarction with nonobstructive coro-
nary arteries (MINOCA).2 Before the more widespread 
recognition of MINOCA by major cardiovascular so-
cieties, some regarded MINOCA patients as having 
“false- positive MI,” thus minimizing the need for further 
diagnostic workup or targeted medical therapy.3– 5 To 
improve the recognition and evaluation of patients with 
MINOCA, the American Heart Association and the 
European Society of Cardiology have outlined specific 
diagnostic criteria (Figure 1).5– 8 To diagnose MINOCA 
one must have positive serum myocardial biomarkers 

Correspondence to: Garima Sharma, MD, FACC, Division of Cardiology, Ciccarone Center for the Prevention of Cardiovascular Disease, Johns Hopkins 
University School of Medicine, Carnegie 565C, 600 N Wolfe Street, Baltimore, MD 21287. E- mail gsharma8@jhmi.edu

For Sources of Funding and Disclosures, see page 10.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0003-0642-9935
https://orcid.org/0000-0003-2138-1589
https://orcid.org/0000-0002-5875-4214
https://orcid.org/0000-0003-4958-5145
https://orcid.org/0000-0003-1910-3168
https://orcid.org/0000-0001-7254-2077
mailto:﻿
mailto:gsharma8@jhmi.edu
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2022;11:e022787. DOI: 10.1161/JAHA.121.022787 2

Gudenkauf et al Multimodality Imaging in Assessment of MINOCA

(preferentially cardiac troponin) with at least 1 level ris-
ing above the 99th percentile of the upper limit of nor-
mal.5,6 Additionally, they have clinical evidence of MI, 
manifested by ischemic symptoms, new ST- segment 
changes, a new left bundle- branch block, new patho-
logical Q waves on electrocardiogram, imaging evi-
dence of loss of viable myocardium or new regional 
wall motion abnormalities, or an intracoronary throm-
bus. To diagnose MINOCA, there must be no epicar-
dial coronary lesions of >50% stenosis on coronary 
angiography, which constitute significant obstructive 
disease. Finally, there must be no overt alternative di-
agnosis to explain the clinical presentation.5– 8

Subsequent investigations have estimated the prev-
alence of MINOCA at around 6% of all patients with MI, 
with a wide estimated range of 1% to 14%, which likely 
reflects variability in the populations studied and the 
manner in which MINOCA was defined.2,9,10 Autopsy 
analysis suggests a much larger prevalence in young 
people who die of ischemic heart disease, with patho-
logic evidence of MI in 43% of cases, 17% of whom 
had nonobstructive CAD overall. MINOCA was espe-
cially prevalent in women in this study (23% with non-
obstructed coronary arteries, as compared with 16% 
of men).11 MINOCA patients typically have fewer tradi-
tional risk factors for CAD in comparison to patients 
with MI associated with obstructive CAD (MI- CAD); 
they are younger and more likely to be female.9,10,12

As MINOCA is a heterogeneous syndrome, the long- 
term prognosis is likely dependent upon the underlying 
cause. Taken together, however, these patients are es-
timated to have a 0.9% in- hospital all- cause mortality, 
and 4.7% mortality at 12- months.9 Pooled data from 
observational studies initially showed that MINOCA 
is associated with decreased in- hospital mortality in 

comparison to MI- CAD, but more recent data have 
challenged these findings, demonstrating a similar 
prognosis for patients with MINOCA and MI- CAD.13,14 
One study revealed that MINOCA patients have sim-
ilar rates of 12- month mortality when compared with 
patients with obstructive disease in 1 or 2 coronary ar-
teries, but rates of major adverse cardiac events differ 
substantially (3.1% in MINOCA versus 3.2% 12- month 
mortality, and 7.8% in MINOCA versus 12.2% 12- month 
major adverse cardiac events in patients with 1 or 2 
vessel CAD).15 It is important to note, however, that both 
categories of patients fare better than those with triple- 
vessel or left main disease (with 6.5% 12- month mortal-
ity and 23.3% major adverse cardiac events).15 MINOCA 
portends a worse prognosis than stable angina, which 
has a 0.2% annual all- cause mortality rate, and an ad-
verse event rate double that of a similar cohort without 
cardiovascular disease.9,16

Further, long after the diagnosis of MINCOA is es-
tablished, 25% of these patients will continue to ex-
perience angina.17 In one study, MINOCA patients, 
as compared with patients with MI- CAD, were found 
to experience worse quality of life because of angina 
and lower satisfaction with antianginal treatment, were 
less often treated with beta blockers, and were less 
often referred to cardiac rehabilitation.17 For these rea-
sons, it is important to identify the underlying cause 
of MINOCA so that patients can receive therapies that 
target the specific cause. This review aims to summa-
rize recent guidelines and advances in multimodality 
imaging approaches in the diagnostic and prognostic 
approach to MINOCA.

CLINICAL PRESENTATION AND 
PATHOGENESIS OF MINOCA
The clinical presentation of MINOCA is similar to MI- 
CAD, although traditional risk factors for MI vary in this 
population. In comparison to patients with MI- CAD, 
patients with MINOCA are more likely to be female 
(95% CI, 35%– 51% versus 19%– 30%), younger (95% 
CI, 51.6– 66.1 years versus 52.2– 70.4 years) and have 
less hyperlipidemia (95% CI, 6%– 35% versus 30%– 
59%).9,10,12 Further, patients with MINOCA are less 
likely to smoke cigarettes (21% versus 33%) and have 
impaired glucose tolerance (39% versus 55%) in com-
parison to patients with MI- CAD12; notably, one review 
showed that 14% of patients with MINOCA had under-
lying thrombophilia.9

The pathophysiology of MINOCA is variable and is 
typically divided into those resulting from plaque dis-
ruption (plaque rupture, erosion, or calcific nodule) and 
those resulting from other epicardial and microvascu-
lar causes (in situ thrombosis, spontaneous coronary 
dissection [SCAD], epicardial or microvascular spasm, 

Nonstandard Abbreviations and Acronyms

MI- CAD myocardial infarction associated 
with obstructive coronary artery 
disease

MINOCA myocardial infarction with 
nonobstructive coronary arteries

RAPID- CTCA Rapid Assessment of Potential 
Ischaemic Heart Disease with 
CTCA trial

SCAD spontaneous coronary 
dissection

TC Takotsubo cardiomyopathy
VERDICT Very Early Versus Deferred 

Invasive Evaluation Using 
Computerized Tomography in 
Patients with Acute Coronary 
Syndromes Trial
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and coronary embolism).5,18 The European Society 
of Cardiology guidelines and the American Heart 
Association consensus document emphasize the im-
portance of considering MINOCA as a “working” diag-
nosis, with further study being necessary both at the 
bedside and beyond.5,8

DIAGNOSTIC PATHWAYS
The diagnostic imaging pathway best pursued should 
be based on the clinician’s differential diagnosis after 
reviewing pertinent clinical information, in particular the 
coronary angiogram. Importantly, the American Heart 
Association Scientific Statement on MINOCA sug-
gests a careful rereview of the coronary angiogram to 
ensure that subtle coronary obstructive disease is not 
overlooked (eg, complete occlusion of a small subseg-
mental artery, or missed significant stenoses of small 
branches).5 Once obstructive stenosis is excluded, 
and the working diagnosis of MINOCA is established, 
a multimodality imaging approach should be pursued 
to further refine the diagnostic subtype and identify the 
underlying pathology.

If coronary angiography is normal or demonstrates 
nonobstructive plaque, then intracoronary evaluation 

with intravascular ultrasound (IVUS) or optical coher-
ence tomography (OCT) might be considered.5,8 If the 
patient’s history suggests vasospasm or microvascu-
lar spasm, then early coronary functional assessment 
with acetylcholine may be indicated, although studies 
verifying safety in the setting of acute MI are limited.6 In 
a recent study, coronary angiography was performed 
one minute after intracoronary injection of acetylcholine 
or ergonovine and analyzed using computer software.19 
After this initial analysis, intracoronary nitroglycerin was 
administered, with further computer- assisted analysis. 
This challenge diagnosed 46.2% of patients with va-
sospasm.19 Epicardial spasm was diagnosed when a 
diameter reduction of 90% or greater was detected in 
response to acetylcholine or ergonovine challenge, and 
microvascular spasm was diagnosed when ischemic 
ST- segment changes and angina developed in the ab-
sence of epicardial coronary constriction in response to 
challenge. Other recent studies found 13% to 24% of 
patients presenting with MINOCA had coronary vaso-
spasm.13,20 Although there were initial safety concerns 
with early provocative testing with ergonovine, only 
5.4% of patients experienced arrhythmic complications 
during testing, which is similar to the occurrence rate 
during spontaneous angina.19

Figure 1. Diagnostic criteria of MINOCA.5,8

FFR indicates Fractional flow reserve; LBBB, left bundle- branch block; and RWMA, regional wall motion 
abnormality.



J Am Heart Assoc. 2022;11:e022787. DOI: 10.1161/JAHA.121.022787 4

Gudenkauf et al Multimodality Imaging in Assessment of MINOCA

If embolism to the coronary arteries is strongly 
suspected clinically, then thrombophilia workup, ap-
propriate microbiologic workup, and transesophageal 
echocardiogram to evaluate for intracardiac clot or 
valvular vegetation may be considered if results would 
change management.5– 8 Several thrombophilias have 
been identified in patients with MINOCA, including 
factor V Leiden, the prothrombin G20210A mutation, 
protein S deficiency, and the antiphospholipid antibody 
syndrome.9 As up to 14% of patients with MINOCA 
may be affected and thus at risk for repeated episodes 
of thromboembolism, it would be reasonable to screen 
for these conditions.9

Cardiac magnetic resonance imaging (CMR) is use-
ful to evaluate patients with suspected MINOCA and 
its use is strongly supported by the recent European 
Society of Cardiology guidelines for management of 
acute coronary syndromes. The presence of late gad-
olinium enhancement will help to confirm a diagnosis 
of MINOCA.21 Additionally, magnetic resonance imag-
ing may uncover MINOCA mimics such as myocarditis, 
Takotsubo cardiomyopathy (TC), or other nonischemic 
cardiomyopathies. If it shows myocardial necrosis, then 
the working diagnosis would be changed to an acute 
MI and angiography would be indicated. However, be-
cause MINOCA is diagnosed only in patients with a 
suspected acute MI who have nonobstructive disease, 
magnetic resonance imaging should not be the first 
test employed to evaluate these patients.

Our suggested diagnostic algorithm is shown in 
Figure 2.

MULTIMODALITY IMAGING IN THE 
ASSESSMENT OF MINOCA
Here we discuss the various imaging modalities that 
may be used in the diagnostic workup and prognosti-
cation of MINOCA.

ROLE OF INVASIVE INTRACORONARY 
IMAGING IN MINOCA
Intravascular ultrasound (IVUS) has been long used in 
clinical practice to characterize and quantify coronary 
plaque with adequate depth, and to assist with percu-
taneous intervention. Optical coherence tomography 
(OCT) is a newer intravascular imaging method that 
produces high resolution images of coronary plaque. 
The principle of OCT is similar to IVUS, but OCT uses 
infrared light rather than ultrasound. The advantage 
of OCT is that the technique can characterize plaque 
composition, but it has reduced depth and coverage 
compared with IVUS. Although OCT provides supe-
rior image resolution compared with IVUS, it is not yet 
widely available and is limited in patients with chronic 
kidney disease because of the need for additional con-
trast infusion during imaging.22

Figure 2. Suggested diagnostic algorithm for the workup of MINOCA.
Imaging modalities are in white, and corresponding diagnoses in gray. *Triple- vessel intracoronary imaging is recommended 
to increase diagnostic yield. †Functional assessment can be considered at any time if the history is suggestive of vasospasm or 
the patient has other vasospastic disease such as Raynaud’s phenomenon or cerebral vasospasm.11 ‡If embolism to the coronary 
arteries is strongly suspected clinically, then thrombophilia workup and transesophageal echocardiogram to evaluate for intracardiac 
clot or valvular vegetation may be considered if results would change management. §Assessment of microvascular dysfunction on 
CMR may require the use of rest and stress perfusion analysis. CMR indicates cardiac magnetic resonance; IVUS, intravascular 
ultrasound; MINOCA, myocardial infarction with nonobstructive coronary arteries; OCT, optical coherence tomography; and TEE, 
transesophageal echocardiogram.
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These invasive imaging modalities have an import-
ant role in the diagnostic workup of MINOCA; they are 
most useful for characterizing plaque ruptures, as well 
as detecting coronary artery dissection. One study of 
women diagnosed with MINOCA found that IVUS was 
able to yield a diagnosis of plaque rupture in 38% of 
patients.21 Another study found a 37% rate of plaque 
rupture in MINOCA patients.23 OCT might be expected 
to have a higher diagnostic yield owing to its superior 
spatial resolution. Two recent studies have sought 
to clarify the utility of OCT in MINOCA patients. OCT 
was able to yield a diagnosis in 80% of patients with 
MINOCA and wall motion abnormalities corresponding 
to ECG changes.20 Most patients had plaque rupture 
(shown in Figure  3,24), followed by (in order of prev-
alence) plaque erosion (shown in Figure  4,24), in situ 
thrombosis, SCAD (shown in Figure 5,24), and eruptive 
calcific nodule.

Importantly, clarification of diagnosis by OCT 
changed clinical management in almost 30% of cases, 
with antiplatelet and antithrombotic agents initiated 
faster and for a prolonged duration in patients with 
plaque erosion, and with aspirin and beta blocker 
initiated early in patients diagnosed with SCAD.20 A 
more recent study showed that 3- vessel OCT yielded 
a diagnosis in 46% of women with MINOCA, with the 
most- to- least common lesions being intraplaque cav-
ity, layered plaque, plaque rupture, in situ thrombus, 
intimal bumping suggesting vasospasm, and SCAD.25 
The difference in diagnostic yield between the 2 stud-
ies may be explained by the former study (Gerbaud 

et al) performing a detailed analysis before proceed-
ing with OCT including CMR and provocative intra-
coronary testing, and by the latter study pursuing a 
3- vessel OCT approach rather than one targeted to-
ward the likely culprit vessel only.

The timing of OCT is important in the evaluation 
of MINOCA. A recent study found that the diagnos-
tic yield of OCT decreased as time- to- OCT increased, 
with normal OCT examination in only 7% of patients 
when performed in conjunction with angiography, but 
normal OCT in 27% of patients when performed as 
a second diagnostic procedure.26 Furthermore, the 
study reported no complications with the addition of 
OCT, although significantly more iodinated contrast 
was used (51 mL additional contrast). The authors sug-
gest that when feasible, OCT should be performed in 
all epicardial coronaries, as culprit lesions in women 
with MINOCA were found to rarely be located at the 
most stenotic lesions on angiography and 3- vessel 
OCT increases diagnostic yield.26 Further, recent work 
in this field has demonstrated that plaque disruption 
may be detected on intracoronary imaging even in pa-
tients with normal angiograms.25

Taken together, these initial studies are compelling 
and show a high diagnostic yield using OCT for the 
workup of MINOCA, particularly when performed at 
the same time as angiography. Although the diagnostic 
utility of OCT is promising, future studies are needed 
to evaluate to what extent OCT affects treatment de-
cisions compared with standard coronary angiogra-
phy and whether this results in improved long- term 

Figure 3. Case of a 55- year- old woman with hypertension presenting with chest tightness and T 
wave inversion in lateral leads and abnormal cardiac biomarkers.
A, Coronary angiogram demonstrated nonobstructive lesion in mid LCX (red arrow). B, OCT images 
demonstrated a plaque rupture (green arrow). Reprinted by permission from Springer Nature Customer 
Service Centre GmbH: Springer Nature, Current Cardiology Reports, The Imaging Toolbox to Assess 
Patients with Suspected Myocardial Infarction in the Absence of Obstructive Coronary Artery Disease 
(MINOCA), Soheila Talebi, Pedro Moreno, Abel Casso Dominguez, and Jacqueline E. Tamis- Holland. 
Copyright ©2020.24 LCX indicates left circumflex artery; and OCT, optical coherence tomography.

A B
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outcomes. It is important to note that intracoronary 
imaging adds risk and cost to the angiographic pro-
cedure, particularly in a patient with suspected SCAD 
(for example, a young woman with family history of 

fibromuscular dysplasia, who has no risk factors for 
atherosclerosis, and with angiogram demonstrating 
gradual luminal narrowing that may represent type 3 
SCAD). For this reason, the benefits of intracoronary 

Figure 4. Case of a 66- year- old man with no past medical history who presented with chest pain 
and dyspnea, ST elevation in lateral and inferior leads, and elevated cardiac biomarkers.
A, OCT images demonstrating a thrombus overlying an intact fibrous cap in mid- LAD, consistent with 
plaque erosion (red arrow). B, Coronary angiogram with nonobstructive lesion in mid- LAD (yellow arrow). 
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Current 
Cardiology Reports, The Imaging Toolbox to Assess Patients with Suspected Myocardial Infarction in the 
Absence of Obstructive Coronary Artery Disease (MINOCA), Soheila Talebi, Pedro Moreno, Abel Casso 
Dominguez, and Jacqueline E. Tamis- Holland. Copyright ©2020.24 LAD indicates left anterior descending 
artery; and OCT, optical coherence tomography.

A B

Figure 5. Case of a 42- year- old man without past medical history presenting with chest pain, 
mild T wave abnormalities in the anterior wall, and elevated cardiac biomarkers.
A, Coronary angiogram demonstrated nonobstructive lesion in the mid- LAD (red arrow). B, IVUS imaging 
demonstrated classical findings of SCAD with true lumen (T) and false lumen (white arrow) (F). Reprinted 
by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Current Cardiology 
Reports, The Imaging Toolbox to Assess Patients with Suspected Myocardial Infarction in the Absence of 
Obstructive Coronary Artery Disease (MINOCA), Soheila Talebi, Pedro Moreno, Abel Casso Dominguez, 
and Jacqueline E. Tamis- Holland. Copyright ©2020.24 IVUS indicates intravascular ultrasound; LAD, left 
anterior descending artery; and SCAD, spontaneous coronary dissection.

A B
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imaging in arriving at a diagnosis to inform treatment 
should be carefully weighed against the theoretical 
risk of dissection propagation from instrumentation, 
although it is important to note that no such com-
plications occurred in these recent studies.20– 23,25,26 
Additionally, the injection of flush media with OCT may 
induce ischemia by clearing the vessels of blood, and 
thus OCT should be used with caution in patients with 
severe hemodynamic instability.

ROLE OF CARDIOVASCULAR 
MAGNETIC RESONANCE IMAGING IN 
MINOCA
CMR imaging has emerged as the gold standard for non-
invasive assessment of cardiac function and morphol-
ogy because of its safety, interobserver consistency, 
quantitative accuracy, and ability to characterize the 
myocardium. CMR can detect infarct- related edema by 
T2- weighted imaging, as well as fibrosis based on late 
gadolinium enhancement, as in Figure 6.27 Gadolinium- 
enhanced CMR has been shown to be highly sensitive 
for the detection of infarction, able to quantify infarcts 
as small as 0.16  g.28,29 Early gadolinium enhance-
ment and T1 imaging can detect hyperemia seen in 

acute myocarditis as well, which can be distinguished 
from chronic myocarditis by T2- weighted imaging.30,31 
Newer T1 and T2 parametric mapping sequences have 
the potential to enhance the ability of CMR to identify 
a cause of MINOCA.32 Accordingly, CMR is a key di-
agnostic tool in the evaluation of patients presenting 
with MINOCA, though current published studies are 
limited by relatively small numbers and heterogeneity 
in study design, patient selection and characteristics, 
CMR protocols, and timing from troponin elevation to 
CMR study. CMR can provide an etiologic diagnosis 
in as many as 77% to 87% of cases, depending on 
the cohort.33– 35 However, in many cases no specific 
diagnosis may be determined (eg, no edema or fibrosis 
is visualized) and the patient has CMR- confirmed true 
MINOCA.

Shorter time interval between clinical presentation 
and CMR imaging improves diagnostic yield. Studies 
in which CMR was performed at ≈3  days following 
presentation yielded diagnoses in 77% to 86% of pa-
tients,32,36 compared with 47% when CMR was per-
formed at a median of 12  days after presentation.34 
When CMR is performed later in the course of a pa-
tient’s illness, almost two thirds of patients had normal 
findings and myocarditis was diagnosed in only 7% of 
patients.34 A recent meta- analysis of 42 CMR studies 

Figure 6. Case of a 42- year- old woman who presented with syncope, ventricular tachycardia, and elevated troponin.
Coronary angiography indicated an ulcer crater in the left main coronary artery with 40% stenosis which extended into the origin of 
the LAD and the LCX. CMR showed delayed transmural gadolinium enhancement in the anterior and lateral walls as well as the lateral 
aspect of the inferior wall, suggestive of a vascular insult. CCTA was performed to further evaluate the lesions seen on angiography, 
finding 30% to 40% stenosis of distal left main, with surrounding hypodense material causing vessel enlargement, suggestive of 
SCAD with intramural hematoma. Similar findings were seen in the very proximal portions of the LAD and LCX. No atherosclerosis 
was observed. CCTA indicates coronary computed tomography angiography; CMR, cardiac magnetic resonance; LAD, left anterior 
descending artery; LCx, left circumflex artery; and SCAD, spontaneous coronary dissection.
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performed in the subacute phase encompassing 5821 
patients reported a pooled prevalence of myocarditis 
at 26%, TC at 11%, and another cardiomyopathy at 
7%.37

There are limited studies evaluating the prognostic 
value of CMR findings in patients with MINOCA and 
disparate findings likely reflect study design and se-
lection bias. A recent prospective multicenter registry 
found that late gadolinium enhancement involving 3 
or more segments (versus a single segment with late 
gadolinium enhancement) was associated with triple 
the risk of major adverse cardiovascular events with 
CMR performed at a median of 12 days following ad-
mission.38 In contrast, a retrospective study in which 
CMR was performed at a median of 37 days after pre-
sentation reported that cardiomyopathy was associ-
ated with worse prognosis (15% mortality at 3.5 years) 
compared with MI (4% mortality rate at 3.5 years).39

A recent prospective, multicenter study focused 
on women presenting with MINOCA, in whom CMR 
was performed within a week of acute presentation 
(median of 6 days), found an ischemic pattern of late 
gadolinium enhancement in 33% of women (with 95% 
having concomitant myocardial edema), and regional 
edema was observed in almost 21% (as shown by in-
creased T2- weighted signal in the territory of a single 
coronary artery).25 Myocarditis was detected in 14.7%, 
TC in 3.4%, and nonischemic cardiomyopathy in 2.6% 
as the alternative causes of elevated troponins; 25.9% 
of women had normal CMRs.25 The lower incidence of 
myocarditis in this cohort likely reflects the exclusion 
of clinical myocarditis, older average age of the cohort 
(median of 60  years), and decreased prevalence of 
myocarditis in women. In this study, multimodal imag-
ing with OCT was further added to CMR and improved 
identification of potential mechanisms of myocardial 
injury in 85% of women, 75.5% of which were ischemic 
(ie, true MINOCA), and 24.5% of which were nonisch-
emic. Importantly, the diagnostic yield with the com-
bination of OCT and CMR was significantly higher at 
84.5% than the yield from either alone (44% for OCT 
and 74% for CMR), leaving only 15.5% of patients with 
no imaging findings to suggest a cause for the clinical 
presentation.25

Reynolds et al previously found that CMR and IVUS 
are complementary approaches to achieving a diag-
nosis, but the diagnostic yield was lower with these 
techniques.21 In another study evaluating patients with 
MINOCA, CMR diagnosed ischemia in 77.5% of pa-
tients, with 12.5% of patients demonstrating multiple 
hyperenhanced lesions supporting coronary embo-
lization.20 Impressively, the combination of OCT and 
CMR in this study yielded a diagnosis for 100% of 
patients with a working diagnosis of MINOCA. These 
recent studies suggest that precise diagnosis through 
combined use of OCT and CMR is feasible and both 

modalities provide independent and complementary 
diagnostic value.

TAKOTSUBO CARDIOMYOPATHY 
AS A CLINICAL ENTITY IN THE 
DIFFERENTIAL OF MINOCA
Although less prevalent than plaque rupture or myocar-
ditis, TC is a frequent underlying cause of acute myo-
cardial injury, responsible for about 1% to 2% of patients 
presenting with acute myocardial injury and often pre-
sents as a MINOCA “mimic.”40 TC carries a relatively 
favorable prognosis in comparison to MI secondary 
to atherosclerotic plaque rupture, as the myocardium 
is thought to be “stunned.” It most frequently occurs 
in postmenopausal women and most often causes an 
apical ballooning pattern of left ventricular contraction, 
although this pattern can also be seen in SCAD and in 
plaque rupture of the left anterior descending artery.40– 42

The underlying pathophysiology of TC is most likely 
due to microvascular dysfunction, with accumulating 
evidence indicating that acute increases in circulating 
catecholamines cause hyperreactivity of the micro-
vascular endothelium and subsequent infarction of 
underlying myocardium.43,44 Other pathophysiologic 
mechanisms proposed to account for this syndrome 
include direct myocardial toxicity, catecholamine re-
ceptor isotype switching, inhibition of endothelial nitric 
oxide synthesis, multivessel epicardial coronary artery 
spasm, MI with spontaneous recanalization, and oth-
ers.43 However, much about this condition is yet un-
known. The predominance among postmenopausal 
women suggests that loss of ovarian hormones pre-
disposes coronary microvasculature to dysfunction, 
but the specific mechanism is uncertain. Additionally, it 
is unclear why apical segments of the myocardium are 
most affected and in varying patterns.41,42

During angiography, an increased thrombolysis 
in myocardial infarction frame count may indicate in-
creased resistance and decreased coronary flow 
reserve.43 Patients with TC have globally reduced cor-
onary flow, comparable to patients diagnosed with 
microvascular angina.45 These perfusion abnormalities 
correlate strongly with degree of myocardial injury.43

TC can be diagnosed most readily through im-
aging with distinct wall motion patterns. Left ven-
triculography is a reasonable “first step” after the 
diagnosis of MINOCA is made on coronary angiogra-
phy.7 Echocardiography can also be used to quickly 
visualize ventricular dysfunction suggestive of TC, and 
speckle tracking has been used to track recovery of 
myocardial contraction after TC.46,47 The patterns of 
TC, although readily recognized on CMR, are outside 
the purview of this manuscript and we briefly mention 
TC as a cause of myocardial injury (Figure 2).48
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ROLE OF CORONARY COMPUTED 
TOMOGRAPHY ANGIOGRAPHY IN 
MINOCA
Coronary computed tomography angiography (CCTA) 
can suggest ischemia or infarction by highlighting per-
fusion defects,49,50 and it can sometimes detect ulcera-
tion, plaque fissures, as well as SCAD, but with less 
resolution than intracoronary imaging techniques.51– 53 
A normal study is associated with excellent prognosis, 
and it allows redirection of remaining workup to nonis-
chemic causes. A normal study also has management 
implications, as antiplatelet and statin use is likely not 
beneficial. However, it is important to note that CCTA 
may be less accurate in the acute setting because of 
general illness. Therefore, the prognostic implications 
of a negative CCTA may not apply to MINOCA pa-
tients. The recent VERDICT (Very Early Versus Deferred 
Invasive Evaluation Using Computerized Tomography in 
Patients with Acute Coronary Syndromes) trial showed 
that although CCTA may effectively rule out obstructive 
disease in non- ST elevation acute coronary syndrome, 
with a negative predictive value of 91% and sensitivity of 
97%, the RAPID- CTCA (Rapid Assessment of Potential 
Ischaemic Heart Disease with CTCA [CT Coronary 
Angiography]) trial found that early use of CCTA did not 
reduce death or subsequent MI in patients presenting 
with suspected acute coronary syndrome.54,55

CCTA may, however, assist in the follow- up of select 
patients with MINOCA, particularly patients with SCAD 
(the cause of about 1%– 5% of MINOCA) if it was de-
tected on initial imaging, as it can spare these patients 
repeated invasive angiography, which can theoretically 
precipitate further dissection. As SCAD occurs most 
often in younger adults, and particularly in women, 
there are concerns about exposing these patients to 
significant levels of ionizing radiation with serial imag-
ing studies. These concerns may be mitigated with the 
use of CCTA protocols incorporating low- dose radia-
tion (as little as 2 mSv).56,57 It is important to note that 
CCTA should not be considered adequate to rule out 
dissection, as it is most sensitive for proximal dissec-
tions only. SCAD can be ruled out only with careful in-
tracoronary imaging.

TREATMENT OF MINOCA
The prognosis and treatment of MINOCA vary greatly 
and depend on the extent of left ventricle dysfunction 
and may depend as well on the underlying cause. In 
patients found to have coronary vasospasm- related 
MI, calcium channel antagonism is associated with im-
proved survival.58 However, there are no randomized 
clinical trials evaluating treatments for patients with 
MINOCA due to other pathology.

Observational data from the SWEDEHEART 
(Swedish Web- System for Enhancement and 
Development of Evidence- Based Care in Heart 
Disease Evaluated According to Recommended 
Therapies) registry provides some important insights; 
9136 patients with MINOCA were observed after a 
mean 4.1- year follow- up period and 24% of patients 
had a major adverse cardiac event, with hazard ratios 
determined from the use of certain medication classes. 
Statin therapy was associated with the largest reduc-
tion in major adverse cardiac events at 23%, followed 
closely by angiotensin- converting enzyme inhibitors or 
angiotensin receptor blockers at 18%.59 These findings 
corroborate results from OCT and CMR imaging stud-
ies that, like MI- CAD, atherosclerosis is the causative 
pathology in a large proportion of cases of MINOCA.

The MINOCA- BAT (β- Blocker and ACEI/ARB 
Treatment in MINOCA patients) trial is a multicenter 
study that has randomized patients with MINOCA to 
beta blockers, angiotensin- converting enzyme inhibi-
tors, or angiotensin receptor blockers in a 2- by- 2 facto-
rial design and will compare time to death of any cause, 
readmission for MI, and incidences of ischemic stroke 
and heart failure (clini caltr ials.gov, NCT 03686696).60 
The results of this trial will inform treatment strategies in 
the approach to different subtypes of MINOCA, where 
many knowledge gaps remain.

CONCLUSIONS
MINOCA is a heterogeneous clinical phenomenon and 
a cause of important morbidity and mortality. Current 
consensus documents suggest a multimodality imaging 
approach to further delineate the underlying pathophysi-
ology of MINOCA once the working diagnosis is made. If 
the clinical evaluation suggests ischemia and an underly-
ing cause is not obvious on invasive coronary angiogra-
phy, one can consider a more specialized intracoronary 
imaging approach (IVUS, OCT, vasoreactive testing).

CMR should be strongly considered as a first- line 
imaging test for MINOCA to further refine the diagnosis. 
Further workup should be dictated by the results of in-
vasive coronary imaging, CMR, and the clinical context. 
Observational data suggest that some MINOCA pa-
tients may benefit from statin therapy and angiotensin 
receptor inhibition or angiotensin receptor blockade, but 
an ongoing clinical trial should shed light on the optimal 
treatment algorithm for MINOCA subtypes.
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