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Abstract: When acute myocardial injury is found in a clinical setting suggestive of myocardial is-
chemia, the event is labeled as acute myocardial infarction (MI), and the absence of ≥50% coronary 
stenosis at angiography or greater leads to the working diagnosis of myocardial infarction with non-
obstructed coronary arteries (MINOCA). Determining the mechanism of MINOCA and excluding 
other possible causes for cardiac troponin elevation has notable implications for tailoring secondary 
prevention measures aimed at improving the overall prognosis of acute MI. The aim of this review 
is to increase the awareness that establishing the underlying cause of a MINOCA is possible in the 
vast majority of cases, and that the proper classification of any MI should be pursued. The initial 
diagnosis of MINOCA can be confirmed or ruled out based on the results of subsequent investiga-
tions. Indeed, a comprehensive clinical evaluation at the time of presentation, followed by a dedi-
cated diagnostic work-up, might lead to the identification of the pathophysiologic abnormality lead-
ing to MI in almost all cases initially labeled as MINOCA. When a specific cause of acute MI is 
identified, cardiologists are urged to transition from the “all-inclusive” term “MINOCA” to the 
proper classification of any MI, as evidence now exists that MINOCA does not provide conceptual 
clarity for actionable decision-making in MI with angiographically normal coronary arteries. 
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1. Introduction  
According to the traditional view, myocardial ischemic conditions are closely linked 

to coronary atherosclerosis, with the progressive narrowing of the vessel lumen by plaque 
growth being the background of chronic myocardial ischemia (“stable angina”), and 
thrombus superimposition on a ruptured or fissured or eroded plaque being the precipi-
tating mechanism of acute myocardial ischemia [1]. This (mis)conception has dictated di-
agnostic, therapeutic, and prognostic approaches to cardiac ischemic conditions for dec-
ades [2]. However, in recent years, an overwhelming body of evidence has challenged this 
model and additional mechanisms of myocardial ischemia have been identified [3]. Sci-
entific guidelines eventually acknowledged the multifactorial nature of “stable angina” 
and proposed a nomenclature shift for this condition in 2019, suggesting the term “chronic 
coronary syndromes” [4]. The implications of this new terminology, expressing a major 
change in the understanding of chronic myocardial ischemia, are deep and wide. It will 
take time to achieve a full application in clinical practice, but the cultural process has been 
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activated [5]. Paradoxically, for acute ischemic conditions, the nomenclature has shifted 
from disease to syndrome; thus, admitting the multifactorial nature occurred long ago, 
but with limited if any effect in clinical practice. Indeed, diagnostic and therapeutic strat-
egies are still focused on the identification and removal of atherosclerotic obstructions [6]. 
Whenever a patient presents with typical features of myocardial infarction (MI) but with-
out coronary atherosclerotic obstructions, the cardiologist’s reaction is of surprise and dis-
belief, and the diagnosis is challenged or openly denied. Despite many reviews and posi-
tion statements from both the European and American societies [7–10], too many clini-
cians still suppose that the absence of obstructive coronary artery disease (CAD) excludes 
the possibility of an acute MI [10]. 

2. Discussion 
2.1. Myocardial Infarction with No Obstructive Coronary Artery Disease 

The observation that myocardial infarction (MI) can occur in patients with angio-
graphically normal coronary arteries was first made in the 1970s [11–15]. The first reports 
already noted that the latter category of patients tended to be different from the much 
larger group of patients who had evidence of myocardial necrosis associated with coro-
nary atherosclerosis. Since the early case reports and subsequent small collected series, 
significant advances in our understanding of the pathophysiologic features of MI with 
normal coronaries (MINCA) have occurred. The term MINOCA was firstly introduced by 
John Beltrame in 2013. John Beltrame proposed to replace the former terminology 
(MINCA) that included only patients without atherosclerosis of the epicardial vessels 
with the term MINOCA in order to encompass patients with angiographic stenoses rang-
ing between 1% and 50% [16,17]. This proposal, though conceptually important and useful 
to increase the awareness that ischemic myocardial necrosis can occur in patients without 
visible coronary atherosclerotic obstructions, has hindered with time our understanding 
of the pathophysiology of MI. Indeed, MINOCA has been progressively regarded as a 
separate entity, thus perpetuating the misconception that only infarctions in patients with 
obstructive CAD are “true infarctions”. Moreover, even cardiologists that accept the idea 
of an acute MI occurring in patients without lumen obstructions regard MINOCA as a 
more benign condition than classic MI-CAD. Notably, a large body of evidence suggests 
otherwise. In an autopsy study among young people with fatal ischemic heart disease, 
38% of females and 23% of males were found to have no significant coronary artery dis-
ease [18]. In the VIRGO study, patients with MINOCA had similar mortality rates and compa-
rable quality of life to patients with MI-CAD [19]. The Korean Infarct Registry showed that 
MINOCA patients had a similar risk of major adverse events as MI-CAD patients [20]. 
Moreover, approximately 25% of patients with MINOCA will experience angina in the 
subsequent 12 months, which is similar to the frequency reported in patients with MI-
CAD [21]. 

The next challenge facing cardiologists after becoming aware of the prevalence and 
relevance of MINOCA will be the acknowledgment that MINOCA is not a different MI, 
but simply an MI with a different etiology. Several precipitating mechanisms have been 
proposed for MINOCA and include many of the mechanisms considered for chronic is-
chemic syndromes: epicardial coronary vasospasm, coronary microvascular dysfunction, 
coronary embolism/thrombosis, spontaneous coronary artery dissection, and non-vascu-
lar mechanisms (supply–demand mismatch) (Figure 1) [10]. Similarly to chronic ischemic 
syndromes, this list should not be considered exhaustive, but preliminary and incomplete. 
However, the need for a distinct name, MINOCA, expresses the “hard to die concept” that 
a severe stenosis is the “conditio sine qua non” for the development of “real” acute MI. 
This bias comes from the common (mis)belief that a linear relation exists between stenosis 
severity and coronary blood flow (CBF). The pioneering studies of Gould et al. in the 1970s 
elegantly demonstrated that resting CBF does not decrease until there is stenosis >85% 
[22]. This evidence was confirmed almost 20 years later. Myocardial blood flow (MBF) 
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was measured non-invasively using positron emission tomography (PET) and 
15

O-labeled 
water, and stenosis severity was assessed by quantitative coronary angiography (QCA), 
in patients with single vessel coronary artery disease (CAD) [23]. The results of this study 
demonstrated that baseline MBF remained constant despite the increasing severity of the 
stenosis, even in patients with > 80% luminal diameter reduction. In keeping with the ob-
servations of Gould et al. in the canine model [22], hyperemic MFB in patients was found 
to decrease progressively only from stenoses >50% and resting blood flow was not differ-
ent from baseline MBF until stenosis severity was >80% [23]. 

 
Figure 1. Pathophysiologic mechanisms of MINOCA. 

More recent studies have once again confirmed the lack of a relationship between 
stenosis severity and myocardial perfusion. In a study in which stenosis hemodynamic 
severity was assessed by fractional flow reserve (FFR) and the cross-sectional vessel area 
was measured by intravascular ultrasounds, no linear relation was found between these 
two parameters, with normal FFRs measured even in vessel lumens as narrow as 1 square 
mm [5]. Moreover, in a study where myocardial perfusion was assessed by PET and ste-
nosis severity was estimated by computed tomography angiography (CTA), several pa-
tients with complete coronary occlusions were found to have normal myocardial perfu-
sion, and many patients with fully patent coronary vessels were found to have severe 
perfusion abnormalities [24]. 

A further step in the understanding of acute ischemic syndromes will be the acknowl-
edgement that, similarly to what was admitted for chronic ischemic syndromes, different 
mechanisms may overlap in the same patients and that the precipitating mechanism(s) 
may change in time [3,4]. The clinical implications of this new understanding will include 
the awareness that, e.g., a vasospastic mechanism may be active not only in patients with 
“clean” coronary arteries, but also in patients with atherosclerotic lesions and vice versa. 
After all, it has long been known that thrombosis is a very dynamic phenomenon and the 
underlying atherosclerotic plaque can be non-obstructive [25]. The conclusive message is 
that MINOCA and MI-CAD may be associated with different precipitating mechanisms, 
but share identical pathologic characteristics, diagnostic criteria, and prognostic implica-
tions. In practice, detection of myocardial ischemic necrosis, the essence of MI, should be 
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perceived as a first step, to be followed by the search for the precipitating mechanism(s). 
However, the term MINOCA is quite imprecise and amorphous and does not clearly im-
ply that an MI can be secondary to several causes that can occur with highly variable de-
grees of coronary atherosclerosis, ranging from 0% to 50%. Most importantly, “MINOCA” 
can erroneously be regarded as a distinct entity, thus not impacting the diagnostic and 
therapeutic clarity. Conversely, the term “MINOCA” should merely describe a moment 
in the diagnostic pathway of the patient and arguably should not be considered a diagno-
sis.  

2.2. The Emerging Concept of MINOCA as a “Working Diagnosis” 
The identification of the underlying cause of myocardial necrosis in the individual 

patient is crucial in choosing the optimal treatment and possibly in improving clinical 
outcomes. As recently proposed, MINOCA is a “‘working diagnosis’ that should prompt 
further investigations in order to ascertain the etiology in all cases” [9,26]. We are expand-
ing this concept, suggesting that MI should be “only” considered a working diagnosis, 
prompting further investigations aiming at the identification of the responsible mecha-
nisms, keeping in mind that the presence of an atherosclerotic plaque does not exclude 
the presence of other mechanisms such as vasospasm or microvascular dysfunction [27]. 
MINOCA encompasses a heterogenous group of conditions that include both atheroscle-
rotic and non-atherosclerotic disease resulting in myocardial damage that is not due to 
obstructive coronary artery disease. In many ways, it is a term that describes a moment in 
the diagnostic pathway of the patient and is arguably not a diagnosis. Accordingly, the 
time has come for a paradigm shift, as evidence now exists that a comprehensive clinical 
evaluation at the time of presentation, followed by a dedicated diagnostic work-up, might 
help to identify the pathophysiologic mechanism that has caused an MI in almost all cases 
initially labeled as MINOCA. With this novel approach, a more sensible classification of 
acute MI can be reached without relying on the nonspecific term MINOCA. Irrespective 
of the presence or absence of obstructive CAD, MI is a pathologic nomenclature for is-
chemic myocardial cell death [28]. Consequently, fundamental to the diagnosis of acute 
MI is the demonstration of elevated cardiac biomarkers of necrosis, typically a cardiac 
troponin >99th percentile of the upper reference level. Rise and fall of troponin levels are 
consistently associated with myocyte injury [28]. Accordingly, the evidence of myocyte 
necrosis should prompt further investigations in order to ascertain its specific cause. Re-
search has clearly highlighted that MINOCA can indeed be caused by a wide array of 
pathophysiologic mechanisms (Figure 1). These include epicardial coronary abnormali-
ties, such as spontaneous coronary dissection, epicardial artery spasm, and coronary em-
bolism. A further possible cause is disruption of an atherosclerotic plaque, although the 
causal link between coronary artery erosion and MI cannot always be demonstrated be-
yond doubt. It is worth noting that myocardial ischemia, albeit caused by different mech-
anisms, is at the core of MINOCA [29,30], as in the case of Takotsubo syndrome (TTS), 
which is currently included within the spectrum of acute coronary syndromes [31]. An 
accurate diagnosis has relevant therapeutic implications, and this observation might ex-
plain the reasons that pharmacologic agents that are class I options for MI-CAD have 
failed to show significant benefits in patients with a provisional diagnosis of MINOCA. 

2.3. Back to the Future: Clinical Triage in Provisional MINOCA 
At time of presentation, several clinical characteristics may suggest the mechanism 

precipitating MI. The clinical presentation (i.e., preceding events and demographics), elec-
trocardiographic features (i.e., unusual patterns), and biochemical data (i.e., atypical ele-
vations in troponin levels) may help to plan an expedited diagnostic work-up. For exam-
ple, symptoms associated with coronary artery vasospasm typically occur at rest, often 
during sleep, or with minimal effort, such as walking in the early hours of the morning, 
and are associated with severe arrhythmias, ranging from heart block to ventricular tach-
ycardia [32]. Meticulous history-taking to find evidence supporting characteristic 
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circadian or diurnal variation of the angina threshold might allow the accurate diagnosis 
of abnormal epicardial vasomotion as a cause of acute MI. TTS occurs more often in el-
derly women who have often experienced severe, unexpected emotional or physical 
stress, and a have a former diagnosis of anxiety or panic disorder [33]. In these patients, 
pain extends from the chest to the neck and into the head, consistent with the acute cate-
cholamine surge, and is frequently associated with heightened anxiety [34,35]. Finally, 
acute myocarditis should be suspected in young patients (<50 years) with no history of 
cardiac disease who have viral prodromes (i.e., fever, arthralgia, fatigue) or signs of con-
nective tissue disease [36]. Additional findings may suggest an underlying disease in non-
infectious etiologies. Moreover, patients with eosinophilic myocarditis will have a pruritic 
maculopapular rash. When the pericardium is involved (myo-pericarditis), a friction rub 
also may be heard on cardiac auscultation. The diagnosis of non-atherosclerotic MI is 
more common in the female gender, likely because the prevalence of coronary atheroscle-
rosis is lower in women than men, though sex-related mechanisms might contribute [37]. 

2.4. The Crucial Role of a Complete Diagnostic Work-Up in MINOCA 
Thanks to invasive and non-invasive diagnostic tools, the precipitating mechanism 

of acute MI can be easily identified in most patients with and without atherothrombotic 
obstructions (Figure 2). In the acute phase of MINOCA, beyond coronary angiography, 
additional intracoronary imaging methods, such as intravascular ultrasound (IVUS) or 
optical coherence tomography (OCT), can identify alternative atherosclerotic mecha-
nisms, such as plaque rupture, erosion or ulceration, or spontaneous coronary artery dis-
section [38]. Patients in whom intracoronary imaging does not provide any diagnostic in-
formation may undergo coronary provocative testing soon after the acute phase of MI, 
possibly in a staged procedure at the time of the index hospitalization. Coronary artery 
spasm causing obstruction of >1 epicardial vessels can cause an MI defined of unknown 
etiology if no provocative testing is performed. Vasoconstriction leading to MI can also 
occur distally, at the site of coronary microcirculation. Unfortunately, the burden of both 
epicardial and microcirculation coronary spasm is largely underestimated, as provocative 
tests eliciting coronary artery vasoconstriction in susceptible individuals are not used on 
a “routine basis” in patients with MINOCA, despite their safety being clearly demon-
strated [39,40]. In the recovery phase of MI, the role of cardiac magnetic resonance (CMR) 
in identifying mechanisms for MINOCA is well established. Along with cardiac imaging, 
hematologic assessment should be always performed in any MI, as the detection of blood 
disorders may deeply influence the subsequent therapeutic strategy [41]. 
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Figure 2. Step-by-step diagnostic work-up to unravel the causes of MI in MINOCA. ECG: Electro-
cardiography; CAD: coronary artery disease; LV: Left ventricle; OCT: optical coronary tomogra-
phy; CMR: cardiovascular magnetic resonance; IVUS: intravascular ultrasound; MI: myocardial 
infarction; MINOCA: myocardial infarction with non-obstructed coronary arteries 

Available evidence clearly supports the ability of a complete diagnostic work-up in 
unraveling the pathophysiologic mechanisms of MINOCA. Recently, Pelliccia et al. re-
viewed data from 82 studies including 8457 patients with MINOCA [42]. In the acute 
phase, 16 studies with IVUS or OCT (1207 patients) disclosed that plaque disruption and 
spontaneous coronary artery dissection had a pooled prevalence of 38% and 16%, respec-
tively. In 18 studies, coronary function testing (1449 patients) showed a pooled prevalence 
of spontaneous and/or provoked epicardial coronary spasm of ~28%. In three studies (456 
patients), the pooled prevalence of CMD was ~32%. In the subacute phase, 42 CMR studies 
(5821 patients) showed a pooled prevalence of myocarditis, TTS, and cardiomyopathy of 
26%, 11%, and 7%, respectively. In 12 studies on thrombophilia screening (n = 834), the 
pooled prevalence of thrombotic disorder was ~11%. On the basis of these results, Pelliccia 
et al. concluded that the pathophysiology of MINOCA can be established in the majority 
of cases to provide direction for appropriate management [42]. 

Unfortunately, the lack of a clear sequence in the use of invasive and non-invasive 
tools in currently available algorithms for MINOCA challenges their implementation 
[43,44]. A recent study has highlighted the importance of multimodality imaging based 
on the use of coronary evaluation (i.e., with OCT) during the acute diagnostic coronary 
angiogram followed by cardiac imaging (i.e., with CMR) performed with a median of 6 
days of infarct onset [45]. This multicenter study identified the cause for the suspected 
MINOCA patients in 85% of patients (64% MI, 15% myocarditis, 3% TTS, and 3% cardio-
myopathy), which was better than either of the diagnostic technologies alone (i.e., 44% for 
OCT and 74% for CMR imaging alone), and reflects the ability to correlate the findings of 
the two diagnostic technologies. Hence, multimodal coronary imaging to identify plaque 
disruption and/or thrombosis that may be responsible for the MI, in conjunction with 
structural imaging of the myocardium for ischemic and non-ischemic causes that might 
account for the clinical presentation, will represent future optimal care [45]. 

3. Conclusions 
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With recent advances in diagnostics, the time is ripe for introducing a new paradigm 
in the assessment of patients with a provisional diagnosis of MINOCA. The pursuit of a 
proper classification of patients with MI on the basis of the underlying etiology cannot be 
postponed any longer, as a correct diagnosis has dramatic therapeutic and prognostic im-
plications. Identification of the mechanism causing acute myocardial ischemia should 
lead to a more accurate labeling of any single case of MI. At present, this approach has 
been proposed only in the case of TTS. In line with the recently released 4th Universal 
Definition of Myocardial Infarction [28], TTS is currently considered an entity with its own 
characteristics and prognosis, which is apart from the causes of “myocardial injury” or 
“infarction” and should not be included within the spectrum of MINOCA.  

A similar approach should be followed for all the other etiologies leading to MI. The 
term “MINOCA” could still be used only to indicate the need for a “working diagnosis” 
in those cases where the cause of their ischemic infarct (e.g., epicardial coronary artery 
spasm, microvascular dysfunction, or coronary emboli) needs to be elucidated so that ap-
propriately targeted therapy can be initiated [26]. When a specific cause of acute MI is 
identified, cardiologists are urged to transition from the “all-inclusive” term “MINOCA” 
to the proper classification of MI, as evidence now exists that MINOCA does not provide 
conceptual clarity for actionable decision-making. 

Author Contributions: Conceptualization, F.P., M.M., W.E.B., P.G.C.; methodology F.P., M.M., 
W.E.B., P.G.C.; resources, F.P., M.M., W.E.B., P.G.C.; data curation, F.P., M.M., W.E.B., P.G.C.; writ-
ing—original draft preparation, F.P., M.M., W.E.B., P.G.C.; writing—review and editing, F.P., M.M., 
W.E.B., P.G.C.; visualization, F.P., M.M., W.E.B., P.G.C.; supervision F.P., M.M., W.E.B., P.G.C.; pro-
ject administration, F.P., M.M., W.E.B., P.G.C. All authors have read and agreed to the published 
version of the manuscript.  

Funding: This research received no external funding.  

Institutional Review Board Statement: Not applicable.  

Informed Consent Statement: Not applicable.  

Conflicts of Interest: No author has any conflict of interest to disclose. 

References 
1. Libby, P. Mechanisms of Acute Coronary Syndromes and Their Implications for Therapy. N. Engl. J. Med. 2013, 368, 2004–2013. 
2. Rothberg, M.B.Coronary artery disease as clogged pipes. A misconceptual model. Circ. Cardiovasc. Qual. Outcomes 2013, 36, 129–

132. 
3. Marzilli, M.; Merz, C.N.; Boden, W.E.; Bonow, R.O.; Capozza, P.G.; Chilian, W.M.; DeMaria, A.N.; Guarini, G.; Huqi, A.; 

Morrone, D.; et al. Obstructive coronary atherosclerosis and ischemic heart disease: An elusive link. J. Am. Coll. Cardiol. 2012, 
60, 951–956. 

4. Knuuti, J.; Wijns, W.; Saraste, A.; Capodanno, D.; Barbato, E.; Funck-Brentano, C.; Prescott, E.; Storey, R.F.; Deaton, C.; Cuisset, 
T.; et al. 2019 ESC Guidelines for the diagnosis and management of chronic coronary syndromes. Eur. Heart J. 2020, 41, 407–477. 

5. Marzilli, M.; Crea, F.; Morrone, D.; Bonow, R.O.; Brown, D.L.; Camici, P.G.; Chilian, W.M.; DeMaria, A.; Guarini, G.; Huqi, A.; 
et al. Myocardial ischemia: From disease to syndrome. Int. J. Cardiol. 2020, 314, 32–35. 

6. Park, S.J.; Ahn, J.M.; Kang, S.J. Paradigm shift to functional angioplasty: New insights for fractional flow reserve- and 
intravascular ultrasound-guided percutaneous coronary intervention. Circulation 2011, 124, 951–957. 

7. Roffi, M.; Patrono, C.; Collet, J.-P.; Mueller, C.; Valgimigli, M.; Andreotti, F.; Bax, J.J.; Borger, M.A.; Brotons, C.; Chew, D.P.; et 
al. 2015 ESC Guidelines for the management of acute coronary syndromes in patients presenting without persistent ST-segment 
elevation. Eur. Heart J. 2016, 37, 267–315. 

8. Agewall, S.; Beltrame, J.F.; Reynolds, H.R.; Niessner, A.; Rosano, G.; Caforio, A.L.; De Caterina, R.; Zimarino, M.; Roffi, M.; 
Kjeldsen, K.; et al. ESC working group position paper on myocardial infarction with non-obstructive coronary arteries. Eur. 
Heart J. 2017, 38, 143–153. 

9. Collet, J.P.; Thiele, H.; Barbato, E.; Barthélémy, O.; Bauersachs, J.; Bhatt, D.L.; Dendale, P.; Dorobantu, M.; Edvardsen, T.; 
Folliguet, T.; et al. 2020 ESC Guidelines for the management of acute coronary syndromes in patients presenting without 
persistent ST-segment elevation. Eur. Heart J. 2021, 42, 1289–1367. 

  



J. Clin. Med. 2021, 10, 4630 8 of 9 
 

 

10. Tamis-Holland, J.E.; Jneid, H.; Reynolds, H.R.; Agewall, S.; Brilakis, E.S.; Brown, T.M.; Lerman, A.; Cushman, M.; Kumbhani, 
D.J.; Arslanian-Engoren, C.; et al. Contemporary Diagnosis and Management of Patients With Myocardial Infarction in the 
Absence of Obstructive Coronary Artery Disease: A Scientific Statement From the American Heart Association. Circulation 2019, 
139, e891–e908. 

11. Maseri, A.; L’Abbate, A.; Baroldi, G.; Chierchia, S.; Marzilli, M.; Ballestra, A.M.; Severi, S.; Parodi, O.; Biagini, A.; Distante, A.; 
et al. Coronary vasospasm as a possible cause of myocardial infarction. A conclusion derived from the study of “preinfarction” 
angina. N. Engl. J. Med. 1978, 299, 1271–1277. 

12. Raymond, R.; Lynch, J.; Underwood, D.; Leatherman, J.; Razavi, M. Myocardial infarction and normal coronary arteriography: 
A 10 year clinical and risk analysis of 74 patients. J. Am. Coll. Cardiol. 1988, 11, 471–477. 

13. Kereiakes, D.J.; Topol, E.J.; George, B.S.; Stack, R.S.; Abbottsmith, C.W.; Ellis, S.; Candela, R.J.; Harrelson, L.; Martin, L.H.; Califf, 
R.M. Myocardial infarction with minimal coronary atherosclerosis in the era of thrombolytic reperfusion. The Thrombolysis 
and Angioplasty in Myocardial Infarction (TAMI) Study Group. J. Am. Coll. Cardiol. 1991, 17, 304–312. 

14. Alpert, J.S. Myocardial infarction with angiographically normal coronary arteries. Arch. Intern. Med. 1994, 154, 265–269. 
15. Ammann, P.; Marschall, S.; Kraus, M.; Schmid, L.; Angehrn, W.; Krapf, R.; Rickli, H. Characteristics and prognosis of myocardial 

infarction in patients with normal coronary arteries. Chest 2000, 117, 333–338. 
16. Beltrame, J.F. Assessing Patients with Myocardial Infarction and Non-obstructed Coronary Arteries (MINOCA). J. Intern. Med. 

2013, 273, 182–185. 
17. Pasupathy, S.; Tavella, R.; Beltrame, J.F. Myocardial infarction with nonobstructive coronary arteries (MINOCA): The past, 

present, and future management. Circulation 2017, 135, 1490–1493. 
18. Smilowitz, N.R.; Sampson, B.A.; Abrecht, C.R.; Siegfried, J.S.; Hochman, J.S.; Reynolds, H.R. Women have less severe and 

extensive coronary atherosclerosis in fatal cases of ischemic heart disease: An autopsy study. Am. Heart J. 2011, 161, 681–688. 
19. Safdar, B.; Spatz, E.S.; Dreyer, R.P.; Beltrame, J.F.; Lichtman, J.H.; Spertus, J.A.; Reynolds, H.R.; Geda, M.; Bueno, H.; Dziura, 

J.D.; et al. Presentation, Clinical Profile, and Prognosis of Young Patients With Myocardial Infarction With Nonobstructive 
Coronary Arteries (MINOCA): Results From the VIRGO Study. J. Am. Heart Assoc. 2018, 7, e009174. 

20. Kang, W.Y.; Jeong, M.H.; Ahn, Y.K.; Kim, J.H.; Chae, S.C.; Kim, Y.J.; Hur, S.H.; Seong, I.W.; Hong, T.J.; Choi, D.H.; et al. Are 
patients with angiographically near-normal coronary arteries who present as acute myocardial infarction actually safe? Int. J. 
Cardiol. 2011, 146, 207–212. 

21. Grodzinsky, A.; Arnold, S.V.; Gosch, K.; Spertus, J.A.; Foody, J.M.; Beltrame, J.; Maddox, T.M.; Parashar, S.; Kosiborod, M. 
Angina Frequency After Acute Myocardial Infarction In Patients Without Obstructive Coronary Artery Disease. Eur. Heart J. 
Qual. Care Clin. Outcomes 2015, 1, 92–99. 

22. Gould, K.L.; Lipscomb, K.; Hamilton, G.W. Physiologic basis for assessing critical coronary stenosis. Instantaneous flow 
response and regional distribution during coronary hyperemia as measures of coronary flow reserve. Am. J. Cardiol. 1974, 33, 
87–94. 

23. Uren, N.G.; Melin, J.A.; De Bruyne, B.; Wijns, W.; Baudhuin, T.; Camici, P.G. Relation between myocardial blood flow and the 
severity of coronary-artery stenosis. N. Engl. J. Med. 1994, 330, 1782–1788. 

24. Naya, M.; Murthy, V.L.; Blankstein, R.; Sitek, A.; Hainer, J.; Foster, C.; Gaber, M.; Fantony, J.M.; Dorbala, S.; Di Carli, M.F. 
Quantitative relationship between the extent and morphology of coronary atherosclerotic plaque and downstream myocardial 
perfusion. J. Am. Coll. Cardiol. 2011, 58, 1807–1816. 

25. Ibanez, B.; James, S.; Agewall, S.; Antunes, M.J.; Bucciarelli-Ducci, C.; Bueno, H.; Caforio, A.L.P.; Crea, F.; Goudevenos, J.A.; 
Halvorsen, S.; et al. 2017 ESC Guidelines for the management of acute myocardial infarction in patients presenting with ST-
segment elevation: The Task Force for the management of acute myocardial infarction in patients presenting with ST-segment 
elevation of the European Society of Cardiology (ESC). Eur. Heart J. 2018, 39, 119–177. 

26. Barbato, E.; Mehilli, J.; Sibbing, D.; Siontis, G.C.M.; Collet, J.P.; Thiele, H.; ESC Scientific Document Group. Questions and 
answers on antithrombotic therapy and revascularization strategies in non-ST-elevation acute coronary syndrome (NSTE-ACS): 
A companion document of the 2020 ESC Guidelines for the management of acute coronary syndromes in patients presenting 
without persistent ST-segment elevation. Eur. Heart J. 2021, 42, 1368–1378. 

27. Niccoli, G.; Scalone, G.; Crea, F. Acute myocardial infarction with no obstructive coronary atherosclerosis: Mechanisms and 
management. Eur. Heart J. 2015, 36, 475–481. 

28. Thygesen, K.; Alpert, J.S.; Jaffe, A.S.; Chaitman, B.R.; Bax, J.J.; Morrow, D.A.; White, H.D.; ESC Scientific Document Group. 
Fourth universal definition of myocardial infarction (2018). Eur. Heart J. 2019, 40, 237–269. 

29. Kuhl, U.; Pauschinger, M.; Bock, T.; Klingel, K.; Schwimmbeck, C.P.; Seeberg, B.; Krautwurm, L.; Poller, W.; Schultheiss, H.P.; 
Kandolf, R. Parvovirus B19 infection mimicking acute myocardial infarction. Circulation 2003, 108, 945–950. 

30. Crea, F.; Montone, R.A.; Niccoli, G. Myocardial infarction with non-obstructive coronary arteries: Dealing with pears and apples. 
Eur. Heart J. 2020, 41, 879–881. 

31. Pelliccia, F.; Sinagra, G.; Elliott, P.; Parodi, G.; Basso, C.; Camici, P.G. Takotsubo is not a cardiomyopathy. Int. J. Cardiol. 2018, 
254, 250–253. 

32. Montone, R.A.; Niccoli, G.; Russo, M.; Giaccari, M.; Del Buono, M.G.; Meucci, M.C.; Gurguglione, F.; Vergallo, R.; D’Amario, 
D.; Buffon, A.; et al. Clinical, angiographic and echocardiographic correlates of epicardial and microvascular spasm in patients 
with myocardial ischaemia and non-obstructive coronary arteries. Clin. Res. Cardiol. 2020, 109, 435–443. 



J. Clin. Med. 2021, 10, 4630 9 of 9 
 

 

33. Pelliccia, F.; Parodi, G.; Greco, C.; Antoniucci, D.; Brenner, R.; Bossone, E.; Cacciotti, L.; Capucci, A.; Citro, R.; Delmas, C.; et al. 
Comorbidities frequency in Takotsubo syndrome: An international collaborative systematic review including 1109 patients. Am. 
J. Med. 2015, 128, 654.e11–e19. 

34. Dias, A.; Núñez Gil, I.J.; Santoro, F.; Madias, J.E.; Pelliccia, F.; Brunetti, N.D.; Salmoirago-Blotcher, E.; Sharkey, S.W.; Eitel, I.; 
Akashi, Y.J.; et al. Takotsubo syndrome: State-of-the-art review by an expert panel—Part 1. Cardiovasc. Revasc. Med. 2019, 20, 
70–79. 

35. Dias, A.; Núñez Gil, I.J.; Santoro, F.; Madias, J.E.; Pelliccia, F.; Brunetti, N.D.; Salmoirago-Blotcher, E.; Sharkey, S.W.; Eitel, I.; 
Akashi, Y.J.; et al. Takotsubo syndrome: State-of-the-art review by an expert panel—Part 2. Cardiovasc. Revasc. Med. 2019, 20, 
153–166. 

36. Ammirati, E.; Frigerio, M.; Adler, E.D.; Basso, C.; Birnie, D.H.; Brambatti, M.; Friedrich, M.G.; Klingel, K.; Lehtonen, J.; Moslehi, 
J.J.; et al. Management of Acute Myocarditis and Chronic Inflammatory Cardiomyopathy: An Expert Consensus Document. 
Circ. Heart Fail. 2020, 13, e007405. 

37. Spoletini, I.; Vitale, C.; Pelliccia, F.; Fossati, C.; Rosano, G.M. Androgens and cardiovascular disease in postmenopausal women: 
A systematic review. Climacteric 2014, 17, 625–634. 

38. Waterbury, T.M.; Tarantini, G.; Vogel, B.; Mehran, R.; Gersh, B.J.; Gulati, R. Non-atherosclerotic causes of acute coronary 
syndromes. Nat. Rev. Cardiol. 2020, 17, 229–241. 

39. Montone, R.A.; Niccoli, G.; Fracassi, F.; Russo, M.; Gurgoglione, F.; Cammà, G.; Lanza, G.A.; Crea, F. Patients with acute 
myocardial infarction and non-obstructive coronary arteries: Safety and prognostic relevance of invasive coronary provocative 
tests. Eur. Heart J. 2018, 39, 91–98. 

40. Probst, S.; Seitz, A.; Martínez Pereyra, V.; Hubert, A.; Becker, A.; Storm, K.; Bekeredjian, R.; Sechtem, U.; Ong, P. Safety 
assessment and results of coronary spasm provocation testing in patients with myocardial infarction with unobstructed 
coronary arteries compared to patients with stable angina and unobstructed coronary arteries. Eur. Heart J. Acute Cardiovasc. 
Care 2020, 10, 380–387. 

41. Khan, S.; Dickerman, J.D. Hereditary thrombophilia. Thromb. J. 2006, 4, 15. 
42. Pelliccia, F.; Pepine, C.J.; Berry, C.; Camici, P.G. The role of a comprehensive two-step diagnostic evaluation to unravel the 

pathophysiology of MINOCA: A review. Int. J. Cardiol. 2021, 336, 1–7. 
43. Occhipinti, G.; Bucciarelli-Ducci, C.; Capodanno, D. Diagnostic pathways in myocardial infarction with non-obstructive 

coronary artery disease (MINOCA). Eur. Heart J. Acute Cardiovasc. Care 2021, 10, 813–822. 
44. Pasupathy, S.; Beltrame, J.F. Refining the Role of CMR Imaging in MINOCA. JACC Cardiovasc. Imaging 2021, 14, 1784–1786. 
45. Reynolds, H.R.; Maehara, A.; Kwong, R.Y.; Sedlak, T.; Saw, J.; Smilowitz, N.R.; Mahmud, E.; Wei, J.; Marzo, K.; Matsumura, M.; 

et al. Coronary Optical Coherence Tomography and Cardiac Magnetic Resonance Imaging to Determine Underlying Causes of 
Myocardial Infarction With Nonobstructive Coronary Arteries in Women. Circulation 2021, 143, 624–640. 


