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Abstract: Myocardial infarction with non-obstructive coronary artery disease occurs in 6% to 15% of
all presentation of myocardial infarctions. The pathophysiologic mechanisms of MINOCA include
epicardial vasospasm, coronary microvascular disorder, spontaneous coronary artery dissection, and
coronary thrombus/embolism. The diagnosis is challenging, supported by intracoronary imaging
with intravascular ultrasound (IVUS) and optical coherent tomography (OCT), coronary physiology
testing, and cardiac magnetic resonance imaging (CMR). OCT is able to identify atherosclerotic causes
of MINOCA (plaque erosion, plaque rupture, and calcified nodule) and nonatherosclerotic causes
(spontaneous artery dissection, and spasm). In this review, we summarize the performance of the
two intracoronary imaging modalities (IVUS and OCT) in MINOCA and discuss the importance of
supplementing these modalities with CMR in order to drive target therapy.

Keywords: intracoronary imaging; intravascular ultrasounds; optical coherence tomography;
myocardial infarction; cardiac magnetic resonance imaging

1. Introduction

Myocardial infarction with nonobstructive coronary arteries (MINOCA) is a relatively
common clinical entity characterized by evidence of myocardial injury in the absence of
obstructive (>50%) coronary stenoses on angiography and in the absence of an alternative
diagnosis for the acute presentation (i.e., sepsis, pulmonary embolism, etc.) [1]. MINOCA
accounts for 6% to 15% of patients with spontaneous myocardial infarction (MI) and
disproportionately affects women [2]. In MINOCA patients, anxiety and depression are
more frequent compared to patients with obstructive coronary artery disease [3]. There is a
difference also in the period of the year when MINOCA occurs. The incidence of MINOCA
increases in summer and autumn [4].

The cardiovascular risk factor profile of MINOCA patients does not substantially
differ from the population with obstructive myocardial infarction (MI-CAD), except for
a lower prevalence of hyperlidipemia [5]. At the time of diagnosis, about two-thirds of
MINOCA patients have an electrocardiographic pattern classifiable as MI in the absence
of ST-segment elevation MI (NSTEMI), while in one-third of the cases, the presentation is
ST-segment elevation myocardial infarction (STEMI) [5].

Although the underlying cause of MINOCA often remains undetermined, the overall prog-
nosis may be adverse, with a 1-year mortality of approximately 4.7% [5]. The comparisons of
prognosis of MINOCA and MI-CAD patients is difficult due to the different pathophysiological
mechanisms. In MINOCA the prognosis is closely related to the different and multiple causes
of disease, which should be actively investigated [6]. The incidence of major cardiovascular
events (MACE) in MINOCA patients has increased in the past few years [6].
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It is important to remember that ischemic damage can be the consequence of a problem
involving both the epicardial coronaries and the microcirculation. Following this patho-
physiological concept, Scalone et al. [7], in a recent review, proposed a classification of the
causes of MINOCA in epicardial and microvascular. The difference is given by the presence
of ventricular motion abnormalities, identifiable on echocardiogram or ventriculography.
In the case of epicardial vessels disease, there is a characteristic territoriality motion ab-
normality, compatible with the involved coronary artery; in the case of a dysfunction
affecting the microcirculation, these abnormalities do not agree with the epicardial blood
supply territory.

According to the underlying pathophysiological mechanisms, MINOCA are, therefore,
differentiated between type I and type II Mls: type 1 MI caused by atherosclerotic plaque
disruption, and type 2 MI due to non-atherothrombotic mechanisms (epicardial coronary
vasospasm, coronary microvascular dysfunction, coronary thromboembolism, spontaneous
coronary artery dissection, and supply—demand mismatch) [8].

The European Society of Cardiology (ESC) working group established a diagnostic
protocol that include a complete medical history, physical examination, laboratory tests,
imaging, and invasive procedures to uncover the underlying cause of MINOCA [1].

There are small number of studies which investigated the prognostic risk factor so
far. A recent paper has shown that reduced left ventricular ejection fraction (LVEF), nonob-
structive CAD, 3-blockers during follow-up, and ST depression on ECG at admission are
independent predictors of the long-term prognosis of MINOCA patients [9]. Research
on Chinese MINOCA patients reported that older age, female sex, atrial fibrillation, and
reduced LVEF are independent predictors of MACE [10].

A study based on data from the SWEDEHEART registry [11], observed that approx-
imately 6.3% of MINOCA patients experienced a recurrence of infarction in an average
period of 17 months. About half of the patients, had progression of coronary lesions on
angiographic re-evaluation. Furthermore, the mortality rate was overall non-negligible,
with no significant differences between the subgroup with a second event classifiable as
MINOCA and the subgroup with obstructive coronary artery disease (13.9 vs. 11.9%,
p = 0.54) [11]. In MINOCA patients the long-term quality of life also seems to be com-
promised: the persistence of anginal symptoms at 1 year was documented in 25% of
the patients [12].

Early cardiac magnetic resonance (CMR) is a pivotal diagnostic tool that may provide
a differential diagnosis for 60% to 80% of MINOCA cases according to several previous
studies [13-18]: subendocardial late gadolinium enhancement (LGE) is the most frequent
pattern consistent with infarct. Performing CMR within 7 days from clinical presentation is
the optimal time to increase the diagnostic accuracy [19].

Intracoronary (IC) imaging such as optical coherence tomography (OCT) and at lesser
extent intravascular ultrasound (IVUS) are important tools for the diagnosis of coronary
plaque disruption, spontaneous coronary dissection, and coronary thrombosis.

This article aims to review the literature about the role of intracoronary imaging in the
diagnosis of MINOCA.

2. Role of OCT

OCT (Abbott, USA) is a high-resolution method for plaque characterization [20]. The
principle by which OCT works is similar to ultrasound but near-infrared light waves (in
the 1300 nm range) are used instead of ultrasounds to generate high-resolution images
(range 15-20 um). The light waves, emitted into the vessel through a special catheter
positioned in the coronary artery, meet the surrounding structures that are partly absorbed
and partly reflected by them. OCT is able to distinguish the different components of the
plaque (fibrous cap, thrombus, and calcification) exploiting the different optical properties
of each tissue [18] (Figure 1). The different layers (intima, media, and adventitia) of
the vessel wall can be accurately visualized by OCT [21]. Angiographic images may
suggest plaque disruption, but information regarding the exact pathogenic mechanism



J. Clin. Med. 2023, 12, 2129

3of 14

responsible for MINOCA cannot be obtained from angiography alone [22-26] (Figure 2).
The underlying thrombotic process may be accompanied by peripheral thromboembolism
and/or vasospasm. This is the reason why a complete vascular occlusion may not be visible
by the angiography alone.

Figure 1. OCT (optical coherent tomography image): (A) lipid-rich plaque; (B) thin-cap fibroatheroma
(arrows); (C) fibrous plaque (arrow); (D) neovascularization (arrows); (E) calcification (asterisks);
(F) spotty calcium (arrow). Figure from authors’ library.

Despite its potentiality, the role of OCT in the management of obstructive CAD is
well-established [27], while the experience with this tool in the context of MINOCA is still
limited. To date, a small number of observational studies showed that OCT is an accurate
method to visualize plaque disruption or thrombi in MINOCA and to define the prognosis.

Yamamoto et al. (a single center retrospective study) [28] found that among patients
presenting with ischemic symptoms and/or signs, but angiographically nonobstructive
culprit lesions, approximately 25% had abnormal findings by OCT (namely thrombus,
plaque rupture, calcified nodule, or intimal lacerations) whether patients presented with
acute/unstable or stable coronary artery disease. Usui et al. [29] used OCT to identify dif-
ferences between woman with MINOCA compared with woman with obstructive coronary
lesion (MI-CAD). There was a higher prevalence of recent ruptured plaque, intraplaque
hemorrhage in MINOCA patients. Plaque rupture with a persistent cavity and throm-
bus was, instead, more often found in MI-CAD. These findings may suggest a different
etiopathogenetic mechanism underling MINOCA that could be highlighted by OCT.
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Figure 2. (A) Plaque erosion; (B) calcified nodule; (C) SCAD; (D) honeycomb-like structure, hinting
recanalized thrombus; (E) plaque rupture. SCAD: spontaneous coronary artery dissection. TL: true
lumen, FL: false lumen. Figures from authors’ library.

Taruya et al. investigated the role of OCT in defining the prognosis of MINOCA [30].
Eighty-two patients with acute coronary syndrome (ACS), but non-obstructive CAD, were
included. OCT revealed 42 hidden high-risk lesions (51.2%). During the follow up (2 years),
4 of the 42 (10%) patients with high-risk lesion experienced ACS, whose culprit lesion could
be identified in the same segment where the index high-risk lesion was found.

A more recent observational study (Mas-Llado et al.) [31] enrolled 10 patients in
approximately 5 years who manifested exercise-related ASC in the absence of significant
coronary artery stenosis. They found that eight patients had an atherosclerotic plaque,
onel patient had a spontaneous coronary dissection and in only one case there was no
OCT findings.

Zeng et al. [32] studied 190 MINOCA patients using OCT(Abbott, USA) They found
atherosclerotic causes of MINOCA (Ath-MINOCA) (plaque erosion, plaque rupture, and
calcified nodule), in 64 patients (33,7%). The causes of non-atherosclerotic MINOCA
occurred instead in 91 patients (47.9%) (spontaneous artery dissection and coronary spasm).
Compared with patients with nonatherosclerotic mechanism, those with Ath-MINOCA had
worse clinical outcomes with a higher incidence of major adverse cardiac events (MACE)
(15.3% vs. 4.5%; p = 0.015), more frequent target lesions revascularization (TLRs) (6.1% vs.
0%; p 14 0.030) and more rehospitalizations for angina (6.1% vs. 0%; p = 0.030).

However, it should be noted that even in MINOCA due to coronary causes, OCT may
not always provide a definite diagnosis. For example, in the presence of epicardial coronary
spasm, OCT may only generate some hints. The characteristic that can be observed in
spasm lesions by OCT is an intimal bumping at baseline and intimal gathering during spasm
compared with the no spasm lesion [33]. The prevalence of coronary spasm is variable. It has
been reported that about a quarter of patients with MINOCA have microvascular spasm [34].
A provocative test in this context is safe and identifies a subset of high-risk patients [35].
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Spontaneous coronary artery dissection (SCAD) is an uncommon cause of MINOCA,
more frequent in women than in men [36]. SCAD results in separation of the inner intimal
lining from the outer vessel wall. The incidence is between 0.07% and 1.1%, but in many
cases, could be missed or misdiagnosed [36]. Triggers for SCAD could be extreme physical
exertion (particularly in young male patients), intense emotional stress, sympathomimetic
drugs, childbirth, and Valsalva-like activities. These mechanisms increase shear stress on the
coronary artery wall, by elevating catecholamine levels and intra-abdominal pressure [36].
Although long-term prognosis is excellent, the risk of recurrent SCAD events is significant,
with an average rate of 5% per year [36]. A thorough examination, including clinical, and
lesions associated risk factors may help to define the prognosis, the risk of recurrence, and
drive a conservative vs. invasive management [37]. OCT can give essential information to
define the precise length of intramural hematoma, the degree of luminal compromission,
and the thickness of the dissected tear [38]. However, the procedural risk associated with
OCT in the context of coronary dissections, due to the progression of the false lumen related
to contrast injection, should be considered [39].

The disadvantages of OCT are related to the evaluation of proximal part of left main
or right coronary artery or in case of coronary ectasia.

In synthesis, OCT is probably the highest resolution tool supporting the identification
of different etiopathogenetic mechanisms underlying MINOCA. Further, according to
recent evidence, although limited by the observational design, it may also have a pivotal
relevance in defining the prognosis.

3. Role of IVUS

Intravascular ultrasound (IVUS) uses a special catheter, designed with a miniatur-
ized ultrasound probe with a resolution of 100 um. The proximal end of the catheter is
attached to a computerized ultrasonic equipment. IVUS allows the application of ultrasonic
technology (such as the piezoelectric transducer or the capacitive micromachined ultra-
sound transducer, CMUT) to see through the surrounding blood column, displaying the
endothelium. Despite gray-scale IVUS-based atheromatous plaque, classification is limited
due to its low spatial resolution classification in four categories has been suggested: 1 soft
plaque, 2 fibrous plaque, 3 calcified plaque, 4 mixed plaques (no single acoustical subtype
represents >80% of the plaques) [40]. Of note, enhancements of such ancillary technique
currently used for research purposes such as the Near Infrared spectroscopy (NIRS)-IVUS
may provide information about the lipid content in the arterial wall, detailing a component
of plaque vulnerability. Since in MINOCA, culprit plaques with ulcerations tend to have
large lipid components, it is likely that the clinical implementation of such technique will
remarkably empower the range of tools helping to assess patients with MINOCA [41].

Compared to OCT, IVUS is a more widespread technique [42]. However, OCT offers a
higher resolution and a more detailed evaluation at the endoluminal level [43].

On the other side, IVUS has some advantages: higher tissue penetration depth (4-
8 mm, while OCT has 1-3 mm), therefore exploring the outer plaque layers, providing
information on lipid content and vessel remodeling [44] is repeatable several times during
the same procedure, and better visualizing calcified lesions which are conversely penetrated
by OCT [45]. However, in OCT, reacquisition of images is also possible. Further, IVUS do
not require contrast administration, therefore representing the tool of choice for patients
suffering from chronic kidney disease. However, some studies valuated the image quality
and diagnostic value of saline solution in OCT to be similar to contrast [46—48].

As for OCT, the role of IVUS in the management of obstructive CAD undergoing
percutaneous revascularization is well-established [49]. In contrast, evidence evaluating
the importance of IVUS in MINOCA is scant. However, when diagnostic uncertainty exists,
IVUS is recommended to diagnose and to guide appropriate treatment.

Noguchi et al. [50], in a recent observational study, found that the plaque burden in
non-obstructive left main coronary artery (LMCA) defined by IVUS, was independently
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associated with long-term all-cause and cardiac mortality in patients not undergoing LMCA
revascularization, even when the lumen area was preserved.

Some case reports hint that IVUS may be a game-changer in the management of
patients presenting with ACS or cardiac arrest but without obstructive CAD (Figure 3) [51].

Figure 3. (A) Medical history suggesting a cardioembolic etiology for a patient admitted for inferior
ST—segment elevation myocardial infarction with cardiac arrest on onset. Coronary angiography
revealed haziness on ostial left circumflex artery (arrow). (B) IVUS highlighted intimal thickening
with some backscattering to the lumen of the vessel, confirming the presence of intracoronary embolus
without local atherosclerosis (arrow). The case was successfully managed with thrombus-aspiration
and without stent implantation. Figures from authors’ library.

The reproducibility and availability of the IVUS means that it can be very useful when
the mechanism of the MI refers to a microvascular disfunction.

Hybrid IVUS-OCT Imaging

Hybrid imaging where complementary OCT and IVUS modalities are integrated, has
been hypothesized to improve the plaque characterization. For example, the increased
tissue penetration of IVUS allows identification of positive remodeling while the superior
resolution of OCT permits measurement of fibrous cap thickness [52].

Hybrid IVUS-OCT imaging should act to reduce imaging artifacts, which are well
characterized in both OCT and IVUS imaging datasets [53].

Hybrid IVUS-OCT imaging can be performed using separate catheters; such proce-
dures may result in increased risk of complications. Significant effort has, therefore, been
made to develop a novel combined IVUS-OCT catheter that can simultaneously generate
images from the same arterial cross-sectional plane. The first-generation catheters were
bulky and suffered from spatial mismatches, but the newest ones are <1.4 mm in diameter.
These technological advances will facilitate the development of a combined IVUS-OCT
platform, which will improve atherosclerotic plaque characterization [54].

4. Integrating Invasive and Non-Invasive Cardiac Imaging: The Role of CMR

European guidelines (class I, level of evidence B) [55]) and position papers highlighted
the diagnostic potential of CMR in patients with suspected MINOCA [56].

CMR is a noninvasive technique that uses intrinsic tissue contrast to obtain three-
dimensional functional and anatomical information on the heart [57].

When performed soon after MI, CMR enables a definitive diagnosis, and is useful for
additional work-up, management and risk prediction [57]. CMR could define myocardial
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activity, tissue morphology, myocardial edema, myocardial perfusion, coronary resistance,
and diastolic filling under the endocardium and pericardium.

CMR is the gold standard for volumetric and functional analyses of both ventricles;
late gadolinium enhancement (LGE) is an important predictor of adverse events in ischemic
and non-ischemic cardiomyopathies [58].

Acute changes in the myocardium after coronary occlusion reveal increased water
content in tissues [57]. In the first 10 min following coronary occlusion, the lack of blood
determines intracellular metabolic and molecular changes with accumulation of osmotically
active substances within the myocytes [59]. Restricted blood flow due to upstream epicar-
dial artery obstruction determines a pathophysiological cascade of progressive myocardial
injury [57]. Ischemia lasting 20-30 min followed by reperfusion leads to myocardial edema.
This observation introduced the possibility to detect by CMR acutely ischemic myocardium
and to differentiate it from chronic myocardial infarction [60].

However, due to the poor availability of the methodic, the application of CMR in the
acute setting is not widely used in clinical practice.

Myocardial perfusion, changes in myocardial tissue composition from early ischemia
through to necrosis, and the consequent changes in myocardial function could be defined
by different CMR complementary techniques [57]. Long-term ischemia leads to irreversible
injury that progresses from the subendocardium towards the epicardium, and becomes
transmural by 6-12 h. An intramyocardial or subepicardial LGE localization (non-ischemic
pattern), recognizes other causes (e.g., myocarditis, cardiomyopathies, etc.)

Using the contrast agents, such as gadolinium diethylenetriaminepentaacetic acid
(Gd-DTPA), microvascular dysfunction appears as a dark hypo enhanced core within the
hyperenhanced infarcted area. The microvessels that are plugged with thrombus, cells, and
edema are temporary inaccessibility of the infarct core to Gd-DTPA [61].

Owing to multiplanar and three-dimensional imaging capabilities, high tissue contrast,
real-time imaging, absence of ionizing radiation, and the ability to track cells and monitor
their migration, CMR techniques could become the best imaging option in assessing not
only the diagnosis but also the prognosis of MI [62].

A small number of studies evaluated the diagnostic performance by OCT integrated
by CMR (Table 1).

Table 1. OCT and CMR findings. SCAD: Spontaneous coronary artery dissection. MI: Myocardial in-
farction. CMR: Cardiovascular magnetic resonance. OCT: optical coherence tomography. Values are (%).

Name of the Study n of Patients Plaque Plaque Erosion In Situ . SCAD MI at CMR
Rupture Thrombosis
Gerbaud et al. [63] 40 14 (35) 12 (30) 3(7.5) 2 (5) 31(77.5)
Opolski et al. [64] 38 9 (24) NA 6 (16) NA 8 (21)
Reynolds et al. [65] 145 8 (5.5) NA 5(3.4) 38 (26)

Gerbaud et al. [63] described 40 patients with MINOCA undergoing OCT and CMR.
Acute myocardial infarction was evident at CMR in 31 of 40 patients (77.5%) and by
coupling OCT with CMR, a substrate and/diagnosis was found in 100% of cases. OCT
findings were frequently accompanied with corresponding myocardial injury confirmed
by CMR. Plaque rupture and plaque erosion were observed in 35% and 30% of patients
presenting with MINOCA, respectively.

Opolski et al. enrolled 38 MINOCA patients [64]. OCT found plaque disruption
and intracoronary thrombus in 24% and 18% of patients, respectively. Among 31 patients
undergoing CMR, an ischemic-type LGE was present in 21% and was more common in
patients with plaque disruption (50% versus 13%, respectively; p = 0.053) and coronary
thrombus (67% versus 12%, respectively; p = 0.014).

Reynolds et al. [65] conducted the largest study, including 145 women with MINOCA
who underwent multivessel (ideally three-vessel) OCT followed by CMR.



J. Clin. Med. 2023, 12,2129

8 of 14

alternate causes
for clinical

presentation (i.e
sepsis, pulmonary

A lesion visible on OCT could be identified in 42% of patients with CMR-detected
infarction. An ischemic cause was identified in 63.8% of women, a nonischemic cause was
identified in 20.7%, and no mechanism was identified in 15.5%.

Some years earlier, Reynolds et al. [66] enrolled 121 women with no obstructive CAD.
They performed IVUS during angiography and CMR one week later. Plaque disruption was
observed in 38% of patients undergoing IVUS. CMR demonstrated abnormalities in 26/44
patients (59%). Non ischemic pattern was also observed but the most common LGE pattern
was ischemic. This study demonstrates that IVUS and CMR provide complementary
mechanistic insights in MI patients.

When MINOCA in suspected, the CMR is essential in the diagnostic work up.

5. Diagnostic Approach

The necessity of intravascular imaging tailored to the patient’s characteristic in MINOCA
setting is largely supported by the clinical need of pursuing a definite diagnosis, despite
the evidence in this sense being scant. A proposed diagnostic approach by the authors in
summarized in Figure 4.

A

(3) N

Angiography

5 Ne

5 Coronary artery
Plaque rupture , erosion, SCAD, Negative spasm/microvascular
coronary emboli/thrombus disease
' To confirm diagnosis or to exclude

Figure 4. Proposed approach to MINOCA. Flowchart is explained in the text. ACS: acute coronary syn-
drome; CMR: cardiac magnetic resonance; MINOCA: myocardial infarction with non-obstructive coronary
artery disease; OCT: optical coherence tomography; SCAD: spontaneous coronary artery dissection.

In the contest of significant rise and fall of cardiac damage biomarkers mimicking
an ACS, the first step is excluding alternative diagnosis (sepsis, pulmonary embolism,
artery dissection, and myocarditis) with proper analysis of medical history, ECG, and trans
thoracic echocardiography.

In the most recent guidelines [55], myocarditis has been excluded from diagnostic
MINOCA'’s panel. However, some evidence suggested that myocarditis sustained by
parvovirus B19 recognizes a component of microcirculation dysfunction resulting in a
vasoconstriction [67]. Coronary vasospasm is one of the main reasons for atypical chest
pain in patients with biopsy-proven PVB19 myocarditis [67]. In these patients, subendo-
cardial lesions may occur as a consequence of coronary vasospasm making the diagnosis
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challenging. The clinical presentation can often suggest various diagnoses and it is not
always possible to identify a certain etiological cause.

During coronary angiography the diagnosis of MINOCA may be suspected.

Left-ventricle angiography, with the demonstration of the absence of significant stenoses,
is able to document the classic alterations of ventricular motion that could identify or exclude
Takotsubo cardiomyopathy. The other differential element is the reversible nature of the
left ventricular dysfunction (usually 4-8 weeks). LGE is generally absent, although modest
diffuse LGE may sometimes be present in segments with impaired motions [68].

At this point OCT or IVUS should be performed.

If there is the suspect of coronary artery spasm or microvascular disease, intracoronary
functional testing such intracoronary acetylcholine provocation should be considered.

Coronary Vasomotion Disorders International Study Group (COVADIS), standardized
the diagnostic criteria of vasospastic angina [68]. The main “red flags” that suggests this
diagnosis concern the anamnestic presence of almost exclusively anginal episodes at rest or
during the night, reduced by nitrates or calcium channel blockers, which can be exacerbated
by hyperventilation and smoking [68].

Coronary angiography has a very low sensitivity for the identification vasospastic
angina (VSA). Intracoronary infusion of vasoactive agents (acetylcholine, ergonovine, and
substance p) allows for the assessment of coronary vascular function. This represents the
gold standard for the diagnosis of VSA, with more than 90% sensitivity and 99% speci-
ficity [69]. If there is a change in ischemic ECG without an epicardial spasm, microvascular
angina might be diagnosed.

The frequency of major complications in intracoronary infusion of vasoactive agents
according to Ciliberti’s observational study ranges from 0% to 4.9%, while the rate of minor
complications ranges from 0% to 16.3% [70]. The most common major complication is
ventricular fibrillation (VF) or sustained ventricular tachycardia (SVT) occurring in 0.69%
of the cases, while shock (0.03%), myocardial infarction (0.01%), and prolonged/refractory
spasm (0.01%) are rare [65]. Safety concerns about intracoronary administration of ACh,
still persist limiting its use in clinical practice.

Coronary thromboembolism may represent an overlapping mechanism of atheroma-
tous plaque rupture or vasospasm, but may also be the only responsible for MINOCA.

Coronary thromboembolic episodes can be direct or paradoxical. Direct forms are
characterized by the localization of the embolus source in the left sections of the heart:
atrium, ventricle, pulmonary veins, endocardium processes involving the mitral and aortic
valves (more rarely cardiac tumors), and also a primary origin in the coronary district (for
example from embolization of more proximal coronary aneurysms) [71]. In the paradoxical
forms, the genesis of the thrombus occurs in the venous circulation and, through the
presence of an intracardiac communication (oval foramen or atrial septal defect), there is a
subsequent passage in the coronary district [72].

In the diagnostic workup, all conditions potentially associated with the development
of thromboembolism must be excluded: it is necessary to search for the presence of atrial fib-
rillation and endocardial processes, which represent, respectively, the first and second most
frequent sources of embolism [73]. In a systematic review, a prevalence of 14% of hereditary
thrombophilic disorders was found among patients with MINOCA [6]. Despite this, the
role regarding the routine application of screening tests for hereditary thrombophilia in
patients with suspected coronary thromboembolism is not clear.

Transesophageal and/or contrast-enhanced echocardiography can be used to detect
the source of cardiac embolism in coronary microvascular embolization.

CMR is an excellent modality to discriminate between ischemic and non-ischemic mech-
anism of MINOCA, but cannot inform whether the ischemia was due to an atherothrombotic
or non-atherothrombotic processes. LGE distribution, in addition to having a prognostic rule,
provides guidance on possible alternative diagnoses such as myocarditis or cardiomyopathy:.

In this context, the role of IC imaging appears paramount also to tailor patients with
MINOCA to specific therapies.
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Approximately 8-67% of MINOCA patients have a normal CMR finding, characterized
by the absence of ventricular motion abnormalities, edema, or LGE [64]. This may depend
on the time intercurrent between the execution of the exam and the acute event, the age of
the population studied, the different percentage composition of male/female, the presence
of modest diffuse fibrosis which is not identified with the standard sequences of LGE [74].
T1 and T2 mapping myocardial signal will certainly provide a contribution in improving
the ability to identify pathological myocardial areas.

In our opinion, CMR should be performed as soon as possible.

When the CMR is normal, in absence of other clarifying diagnostic data, the definitive
diagnosis remains impervious, and the treatment is empiric.

A recent meta-analysis from our group [75] suggested that beta-blockers, statins, and
dual antiplatelet therapy (DAPT) are associated with a survival benefit among MINOCA
patients, while ACE-inhibitors/Angiotensin receptor blockers reduce risk of MACE. How-
ever, due to the limited use of IC imaging within included studies, results are difficult to
interpret. Indeed, it is likely that the benefit coming from DAPT therapy is restricted to
patients with MINOCA due to plaque erosion/rupture. Patients with cardioembolic events
may be more appropriately committed to anticoagulant therapies, whereas a vasospastic
process may benefit from vasodilatory agents.

6. Conclusions

Assessing the impact of In this review, we summarized the role of intracoronary imag-
ing in the diagnostic MINOCA work up. However, only observational studies supporting
the use of IVUS and OCT exist.

IC imaging to drive a tailored therapy among MINOCA patients along with the
cost-effectiveness ratio of such approach in a prospective study would be valuable.

Randomized trials evaluating the best medical therapy are currently missing.

Author Contributions: Conceptualization, O.D.F. and FE.D.; writing—original draft preparation, I.B.,
A.A.G., RM. and E.R,; writing—review and editing, O.D.E, ED., R.V. and EB.; supervision, G.M.D.F.
and LP. 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.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Agewall, S.; Beltrame, J.F.; Reynolds, H.R.; Niessner, A.; Rosano, G.; Caforio, A.L.P,; 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.
Hearth J. 2016, 38, 149-153. [CrossRef] [PubMed]

Tamis-Holland, ].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,
€891-e908. [CrossRef] [PubMed]

Daniel, M.; Agewall, S.; Berglund, F,; Caidahl, K.; Collste, O.; Ekenback, C.; Frick, M.; Henareh, L.; Jernberg, T.; Malmqvist, K,;
et al. Prevalence of Anxiety and Depression Symptoms in Patients with Myocardial Infarction with Non-Obstructive Coronary
Arteries. Am. |. Med. 2018, 131, 1118-1124. [CrossRef] [PubMed]

Mahajan, A.M.; Gandhi, H.; Smilowitz, N.R.; Roe, M.T.; Hellkamp, A.S.; Chiswell, K.; Gulati, M.; Reynolds, H.R. Seasonal and
circadian patterns of myocardial infarction by coronary artery disease status and sex in the ACTION Registry-GWTG. Int. ].
Cardiol. 2018, 274, 16-20. [CrossRef]

Abdu, FA.; Mohammed, A.-Q.; Liu, L.; Xu, Y.; Che, W. Myocardial Infarction with Nonobstructive Coronary Arteries (MINOCA):
A Review of the Current Position. Cardiology 2020, 145, 543-552. [CrossRef]

Pasupathy, S.; Air, T.; Dreyer, R.P.; Tavella, R.; Beltrame, J.F. Systematic Review of Patients Presenting with Suspected Myocardial
Infarction and Nonobstructive Coronary Arteries. Circulation 2015, 131, 861-870. [CrossRef]


http://doi.org/10.1093/eurheartj/ehw149
http://www.ncbi.nlm.nih.gov/pubmed/28158518
http://doi.org/10.1161/CIR.0000000000000670
http://www.ncbi.nlm.nih.gov/pubmed/30913893
http://doi.org/10.1016/j.amjmed.2018.04.040
http://www.ncbi.nlm.nih.gov/pubmed/29859805
http://doi.org/10.1016/j.ijcard.2018.08.103
http://doi.org/10.1159/000509100
http://doi.org/10.1161/CIRCULATIONAHA.114.011201

J. Clin. Med. 2023, 12, 2129 11 0f 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Scalone, G.; Niccoli, G.; Crea, F. Editor’s Choice-Pathophysiology, diagnosis and management of MINOCA: An update. Eur.
Hearth ]. Acute Cardiovasc. Care 2018, 8, 54-62. [CrossRef]

Thygesen, K.; Alpert, .S,; Jaffe, A.S.; Chaitman, B.R.; Bax, J.J.; Morrow, D.A.; White, H.D. Executive Group on behalf of the Joint
European Society of Cardiology (ESC)/American College of Cardiology (ACC)/American Heart Association (AHA)/World Heart
Federation (WHF) Task Force for the Universal Definition of Myocardial Infarction Fourth Universal Definition of Myocardial
Infarction (2018). J. Am. Coll. Cardiol. 2018, 72, 2231-2264. [CrossRef]

Pelliccia, F; Pasceri, V.; Niccoli, G.; Tanzilli, G.; Speciale, G.; Gaudio, C.; Crea, F; Camici, P.G. Predictors of Mortality in Myocardial
Infarction and Nonob-structed Coronary Arteries: A Systematic Review and Meta-Regression. Am. . Med. 2020, 133, 73-83.e4.
[CrossRef]

Abdu, FA; Liu, L.; Mohammed, A.Q.; Luo, Y,; Xu, S.; Auckle, R.; Xu, Y.; Che, W. Myocardial infarction with non-obstructive
coronary arteries (MINOCA) in Chinese patients: Clinical features, treatment and 1-year follow-up. Int. ]. Cardiol. 2019, 287,
27-31. [CrossRef]

Nordenskjold, A.M.; Lagerqvist, B.; Baron, T.; Jernberg, T.; Hadziosmanovic, N.; Reynolds, H.; Tornvall, P; Lindahl, B. Reinfarction
in Patients with Myocardial Infarction with Nonobstructive Coronary Arteries (MINOCA): Coronary Findings and Prognosis.
Am. ]. Med. 2018, 132, 335-346. [CrossRef] [PubMed]

Grodzinsky, A.; Arnold, S.V.; Gosch, K.; Spertus, ].A.; Foody, ] M.; Beltrame, J.; Maddox, T.M.; Parashar, S.; Kosiborod, M. Angina
frequency after acute myocardial infarction in patients without ob-structive coronary artery disease. Eur. Heart ]. Qual. Care Clin.
Outcomes 2015, 1, 92-99. [CrossRef] [PubMed]

Abdel-Aty, H.; Zagrosek, A.; Schulz-Menger, J.; Taylor, A.J.; Messroghli, D.; Kumar, A.; Gross, M.; Dietz, R.; Friedrich, M.G. De-
layed Enhancement and T2-Weighted Cardiovascular Magnetic Resonance Imaging Differentiate Acute from Chronic Myocardial
Infarction. Circulation 2004, 109, 2411-2416. [CrossRef] [PubMed]

Assomull, R.G; Lyne, ].C.; Keenan, N.; Gulati, A.; Bunce, N.H.; Davies, S.W.; Pennell, D.; Prasad, S.K. The role of cardiovascular
magnetic resonance in patients presenting with chest pain, raised troponin, and unobstructed coronary arteries. Eur. Hearth ].
2007, 28, 1242-1249. [CrossRef]

Gerbaud, E.; Harcaut, E.; Coste, P.; Erickson, M.; Lederlin, M.; Labeque, ].N.; Perron, ].M.; Cochet, H.; Dos Santos, P.; Durrieu-Jais,
C.; et al. Cardiac magnetic resonance imaging for the diagnosis of patients presenting with chest pain, raised troponin, and
unobstructed coronary arteries. Int. J. Cardiovasc. Imaging 2011, 28, 783-794. [CrossRef]

Collste, O.; Sorensson, P.; Frick, M.; Agewall, S.; Daniel, M.; Henareh, L.; Ekenbéck, C.; Eurenius, L.; Guiron, C.; Jernberg, T.; et al.
Myocardial infarction with normal coronary arteries is common and associated with normal findings on cardiovascular magnetic
resonance imaging: Results from the Stockholm Myocardial Infarction with Normal Coronaries study. J. Intern. Med. 2012, 273,
189-196. [CrossRef] [PubMed]

Dastidar, A.G.; Rodrigues, J.C.; Johnson, T.W.; De Garate, E.; Singhal, P,; Baritussio, A.; Scatteia, A.; Strange, J.; Nightingale, A.K,;
Angelini, G.D.; et al. Myocardial infarction with nonobstructed coronary arteries: Impact of CMR early after presentation. J. Am.
Coll. Cardiol. Img. 2017, 10, 1204-1206. [CrossRef] [PubMed]

Demirkiran, A.; Everaars, H.; Amier, R.P; Beijnink, C.; Bom, M.].; Gotte, M.J.W.; Van Loon, R.B.; Selder, J.L.; Van Rossum, A.C,;
Nijveldt, R. Cardiovascular magnetic resonance techniques for tissue characterization after acute myocardial injury. Eur. Hearth J.
Cardiovasc. Imaging 2019, 20, 723-734. [CrossRef]

Leurent, G.; Langella, B.; Fougerou, C.; Lentz, P-A_; Larralde, A.; Bedossa, M.; Boulmier, D.; Le Breton, H. Diagnostic contributions
of cardiac magnetic resonance imaging in patients presenting with elevated troponin, acute chest pain syndrome and unobstructed
coronary arteries. Arch. Cardiovasc. Dis. 2011, 104, 161-170. [CrossRef]

Brezinski, M.E.; Tearney, G.J.; Bouma, B.E.; Izatt, ].A.; Hee, M.R,; Swanson, E.A.; Southern, ].F.; Fujimoto, ].G. Optical coherence
tomography for optical biopsy: Properties and demonstration of vascular pathology. Circulation 1996, 93, 1206-1213. [CrossRef]
Jia, H.; Abtahian, F.; Aguirre, A.D.; Lee, S.; Chia, S.; Lowe, H.; Kato, K.; Yonetsu, T.; Vergallo, R.; Hu, S.; et al. In Vivo Diagnosis of
Plaque Erosion and Calcified Nodule in Patients with Acute Coronary Syndrome by Intravascular Optical Coherence Tomography.
J. Am. Coll. Cardiol. 2013, 62, 1748-1758. [CrossRef] [PubMed]

Tearney, G.J.; Regar, E.; Akasaka, T.; Adriaenssens, T.; Barlis, P.; Bezerra, H.G.; Bouma, B.; Bruining, N.; Cho, J.-M.; Chowdhary,
S.; et al. Consensus Standards for Acquisition, Measurement, and Reporting of Intravascular Optical Coherence Tomography
Studies: A Report from the International Working Group for Intravascular Optical Coherence Tomography Standardization and
Validation. J. Am. Coll. Cardiol. 2012, 59, 1058-1072. [CrossRef] [PubMed]

Sugiyama, T.; Yamamoto, E.; Fracassi, F.; Lee, H.; Yonetsu, T.; Kakuta, T.; Soeda, T.; Saito, Y.; Yan, B.P.; Kurihara, O.; et al. Calcified
Plaques in Patients with Acute Coronary Syndromes. JACC Cardiovasc. Interv. 2019, 12, 531-540. [CrossRef]

Dai, J.; Xing, L.; Jia, H.; Zhu, Y.; Zhang, S.; Hu, S.; Lin, L.; Ma, L.; Liu, H.; Xu, M.; et al. In vivo predictors of plaque erosion
in patients with ST-segment elevation myocardial infarction: A clinical, angiographical, and intravascular optical coherence
tomography study. Eur. Hearth |. 2018, 39, 2077-2085. [CrossRef] [PubMed]

Stone, G.W.; Maehara, A.; Lansky, A.].; de Cristea, E.B.B.; Mintz, G.S.; Mehran, R.; McPherson, J.; Farhat, N.; Marso, S.P; Parise,
H.; et al. A Prospective Natural-History Study of Coronary Atherosclerosis. N. Eng. J. Med. 2011, 364, 226-235. [CrossRef]
Xing, L.; Higuma, T.; Wang, Z.; Aguirre, A.D.; Mizuno, K.; Takano, M.; Dauerman, H.L.; Park, S.-].; Jang, Y.; Kim, C.-J.; et al.
Clinical Significance of Lipid-Rich Plaque Detected by Optical Coherence Tomography: A 4-Year Follow-Up Study. J. Am. Coll.
Cardiol. 2017, 69, 2502-2513. [CrossRef]


http://doi.org/10.1177/2048872618782414
http://doi.org/10.1016/j.jacc.2018.08.1038
http://doi.org/10.1016/j.amjmed.2019.05.048
http://doi.org/10.1016/j.ijcard.2019.02.036
http://doi.org/10.1016/j.amjmed.2018.10.007
http://www.ncbi.nlm.nih.gov/pubmed/30367850
http://doi.org/10.1093/ehjqcco/qcv014
http://www.ncbi.nlm.nih.gov/pubmed/28239487
http://doi.org/10.1161/01.CIR.0000127428.10985.C6
http://www.ncbi.nlm.nih.gov/pubmed/15123531
http://doi.org/10.1093/eurheartj/ehm113
http://doi.org/10.1007/s10554-011-9879-1
http://doi.org/10.1111/j.1365-2796.2012.02567.x
http://www.ncbi.nlm.nih.gov/pubmed/22742529
http://doi.org/10.1016/j.jcmg.2016.11.010
http://www.ncbi.nlm.nih.gov/pubmed/28109935
http://doi.org/10.1093/ehjci/jez094
http://doi.org/10.1016/j.acvd.2011.01.005
http://doi.org/10.1161/01.CIR.93.6.1206
http://doi.org/10.1016/j.jacc.2013.05.071
http://www.ncbi.nlm.nih.gov/pubmed/23810884
http://doi.org/10.1016/j.jacc.2011.09.079
http://www.ncbi.nlm.nih.gov/pubmed/22421299
http://doi.org/10.1016/j.jcin.2018.12.013
http://doi.org/10.1093/eurheartj/ehy101
http://www.ncbi.nlm.nih.gov/pubmed/29547992
http://doi.org/10.1056/NEJMoa1002358
http://doi.org/10.1016/j.jacc.2017.03.556

J. Clin. Med. 2023, 12,2129 12 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Prati, F.; Romagnoli, E.; Burzotta, F.; Limbruno, U.; Gatto, L.; La Manna, A.; Versaci, F.; Marco, V.; Di Vito, L.; Imola, F; et al.
Clinical Impact of OCT Findings During PCI: The CLI-OPCI II Study. JACC Cardiovasc Imaging. 2015, 8, 1297-1305. [CrossRef]
Yamamoto, M.H.; Maehara, A.; Song, L.; Matsumura, M.; Chin, C.Y.; Losquadro, M.; Sosa, FA; Mintz, G.S.; Shlofmitz, R.A.
Optical Coherence Tomography Assessment of Morphological Characteristics in Suspected Coronary Artery Disease, but
Angiographically Nonobstructive Lesions. Cardiovasc. Revascular. Med. 2018, 20, 475-479. [CrossRef]

Usui, E.; Matsumura, M.; Smilowitz, N.R.; Mintz, G.S.; Saw, J.; Kwong, R.Y.;; Hada, M.; Mahmud, E.; Giesler, C.; Shah, B.; et al.
Coronary morphological features in women with non-ST-segment elevation MINOCA and MI-CAD as assessed by optical
coherence tomography. Eur. Hearth J. Open 2022, 2, oeac058. [CrossRef]

Taruya, A.; Tanaka, A.; Nishiguchi, T.; Ozaki, Y.; Kashiwagi, M.; Yamano, T.; Matsuo, Y.; Ino, Y.; Kitabata, H.; Takemoto, K; et al.
Lesion characteristics and prognosis of acute coronary syndrome without angiographically significant coronary artery stenosis.
Eur. Hearth |. Cardiovasc. Imaging 2019, 2, 202-209. [CrossRef]

Mas-Llado, C.; Maristany, J.; Gomez-Lara, ].; Pascual, M.; Alameda, M.D.M.; Gémez-Jaume, A.; Peral-Disdier, V. Optical Coherence
Tomography for the Diagnosis of Exercise-Related Acute Cardiovascular Events and Inconclusive Coronary Angiography. J.
Interv. Cardiol. 2020, 2020, 1-10. [CrossRef] [PubMed]

Zeng, M.; Zhao, C.; Bao, X,; Liu, M.; He, L.; Xu, Y.; Meng, W.; Qin, Y.; Weng, Z.; Yi, B.; et al. Clinical Characteristics and Prognosis
of MINOCA Caused by Atherosclerotic and Nonatherosclerotic Mechanisms Assessed by OCT. JACC Cardiovasc. Imaging 2022, in
press. [CrossRef] [PubMed]

Tanaka, A.; Shimada, K; Tearney, G.J.; Kitabata, H.; Taguchi, H.; Fukuda, S.; Kashiwagi, M.; Kubo, T.; Takarada, S.; Hirata, K,; et al.
Conformational Change in Coronary Artery Structure Assessed by Optical Coherence Tomography in Patients with Vasospastic
Angina. J. Am. Coll. Cardiol. 2011, 58, 1608-1613. [CrossRef] [PubMed]

Mohri, M.; Koyanagi, M.; Egashira, K.; Tagawa, H.; Ichiki, T.; Shimokawa, H.; Takeshita, A. Angina pectoris caused by coronary
microvascular spasm. Lancet 1998, 351, 1165-1169. [CrossRef]

A Montone, R.; Niccoli, G.; Fracassi, F.; Russo, M.; Gurgoglione, F.; Camma, G.; A Lanza, G.; Crea, F. Patients with acute
myocardial infarction and non-obstructive coronary arteries: Safety and prognostic relevance of invasive coronary provocative
tests. Eur. Hearth J. 2017, 39, 91-98. [CrossRef]

Nishiguchi, T.; Tanaka, A.; Ozaki, Y.; Taruya, A.; Fukuda, S.; Taguchi, H.; Iwaguro, T.; Ueno, S.; Okumoto, Y.; Akasaka, T.
Prevalnence of spontaneous coronary artery dissection in patiens with acute coronary syndrome. Eur. Heart |. Acute Cardiovasc.
Care 2016, 5, 263-270. [CrossRef]

Bocchino, P.P.; Angelini, F; Franchin, L.; D’Ascenzo, M.E; Fortuni, E; De Filippo, O.; Conrotto, E; Alfonso, F.; Saw, J.; Escaned, J.;
et al. Invasive versus conservative management in spontaneous coronary artery dissection: A meta-analysis and meta-regression
study. Hell. ]. Cardiol. 2021, 62, 297-303. [CrossRef] [PubMed]

Tweet, M.S.; Hayes, S.N.; Pitta, S.R.; Simari, R.D.; Lerman, A.; Lennon, R.J.; Gersh, B.J.; Khambatta, S.; Best, P.J.; Rihal, C.S,;
et al. Clinical Features, Management, and Prognosis of Spontaneous Coronary Artery Dissection. Circulation 2012, 126, 579-588.
[CrossRef]

Barbieri, L.; D'Errico, A.; Avallone, C.; Gentile, D.; Provenzale, G.; Guagliumi, G.; Tumminello, G.; Carugo, S. Optical Coherence
Tomography and Coronary Dissection: Precious Tool or Useless Surplus? Frontiers 2021, 59, 1073-1079. [CrossRef]
Garcia-Garcia, H.M.; Gogas, B.D.; Serruys, P.W.; Bruining, N. IVUS-based imaging modalities for tissue characterization:
Similarities and differences. Int. ]. Cardiovasc. Imaging 2011, 27, 215-224. [CrossRef]

Pu, J.; Mintz, G.S,; Brilakis, E.S.; Banerjee, S.; Abdel-Karim, A.-R.R.; Maini, B.; Biro, S.; Lee, ].-B.; Stone, G.W.; Weisz, G.; et al.
In vivo characterization of coronary plaques: Novel findings from comparing greyscale and virtual histology intravascular
ultrasound and near-infrared spectroscopy. Eur. Hearth J. 2011, 33, 372-383. [CrossRef] [PubMed]

E Nissen, S.; Gurley, ].C.; Grines, C.L.; Booth, D.C.; McClure, R.; Berk, M.; Fischer, C.; DeMaria, A.N. Intravascular ultrasound
assessment of lumen size and wall morphology in normal subjects and patients with coronary artery disease. Circulation 1991, 84,
1087-1099. [CrossRef] [PubMed]

Kubo, T.; Imanishi, T.; Takarada, S.; Kuroi, A.; Ueno, S.; Yamano, T.; Tanimoto, T.; Matsuo, Y.; Masho, T.; Kitabata, H.; et al.
Assessment of Culprit Lesion Morphology in Acute Myocardial Infarction: Ability of Optical Coherence Tomography Compared
with Intravascular Ultrasound and Coronary Angioscopy. J. Am. Coll. Cardiol. 2007, 50, 933-939. [CrossRef] [PubMed]
Shimokado, A.; Kubo, T.; Matsuo, Y.; Ino, Y.; Shiono, Y.; Shimamura, K.; Katayama, Y.; Taruya, A.; Nishiguchi, T.; Kashiwagi,
M.; et al. Imaging assessment and accuracy in coronary artery autopsy: Comparison of frequency-domain optical coherence
tomography with intravascular ultrasound and histology. Int. J. Cardiovasc. Imaging 2019, 35, 1785-1790. [CrossRef] [PubMed]
D’Ascenzo, E; Omede, P.;; De Filippo, O.; Cerrato, E.; Autelli, M.; Trabattoni, D.; Ryan, N.; Venuti, G.; Muscoli, S.; Montabone,
A.; et al. Impact of Final Kissing Balloon and of Imaging on Patients Treated on Unprotected Left Main Coronary Artery with
Thin-Strut Stents (from the RAIN-CARDIOGROUP VII Study). Am. J. Cardiol. 2019, 123, 1610-1619. [CrossRef] [PubMed]
Mahesh, N.K.; Gupta, A.; Barward, P.; Vijayvergiya, R.; Sharma, P.; Mahesh, A. Study of saline optical coherence tomography—
guided percutaneous coronary intervention (SOCT-PCI Study). Indian Hearth |. 2020, 72, 239-243. [CrossRef] [PubMed]

Gupta, A.; Chhikara, S.; Vijayvergiya, R.; Seth, A.; Mahesh, N.K.; Akasaka, T.; Singh, N. Saline as an Alternative to Radio-
Contrast for Optical Coherence Tomography-Guided Percutaneous Coronary Intervention: A Prospective Comparison. Cardiovasc.
Revascular. Med. 2021, 34, 86-91. [CrossRef]


http://doi.org/10.1016/j.jcmg.2015.08.013
http://doi.org/10.1016/j.carrev.2018.07.011
http://doi.org/10.1093/ehjopen/oeac058
http://doi.org/10.1093/ehjci/jez079
http://doi.org/10.1155/2020/8263923
http://www.ncbi.nlm.nih.gov/pubmed/32774188
http://doi.org/10.1016/j.jcmg.2022.10.023
http://www.ncbi.nlm.nih.gov/pubmed/36648054
http://doi.org/10.1016/j.jacc.2011.06.046
http://www.ncbi.nlm.nih.gov/pubmed/21958888
http://doi.org/10.1016/S0140-6736(97)07329-7
http://doi.org/10.1093/eurheartj/ehx667
http://doi.org/10.1177/2048872613504310
http://doi.org/10.1016/j.hjc.2021.02.013
http://www.ncbi.nlm.nih.gov/pubmed/33689856
http://doi.org/10.1161/CIRCULATIONAHA.112.105718
http://doi.org/10.3389/fcvm.2022.822998
http://doi.org/10.1007/s10554-010-9789-7
http://doi.org/10.1093/eurheartj/ehr387
http://www.ncbi.nlm.nih.gov/pubmed/22019821
http://doi.org/10.1161/01.CIR.84.3.1087
http://www.ncbi.nlm.nih.gov/pubmed/1884441
http://doi.org/10.1016/j.jacc.2007.04.082
http://www.ncbi.nlm.nih.gov/pubmed/17765119
http://doi.org/10.1007/s10554-019-01639-0
http://www.ncbi.nlm.nih.gov/pubmed/31175528
http://doi.org/10.1016/j.amjcard.2019.02.013
http://www.ncbi.nlm.nih.gov/pubmed/30846212
http://doi.org/10.1016/j.ihj.2020.03.013
http://www.ncbi.nlm.nih.gov/pubmed/32861376
http://doi.org/10.1016/j.carrev.2021.01.010

J. Clin. Med. 2023, 12, 2129 13 of 14

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Simard, T.; Motazedian, P.; Majeed, K.; Sarathy, K.; Jung, R.G.; Feder, J.; Ramirez, F.D.; Di Santo, P.; Marbach, J.; Dhaliwal, S.; et al.
Contrast-free optical coherence tomography:Systematic evaluation of non-contrast media for intravascular assessment. PLoS
ONE 2020, 15, €0237588. [CrossRef]

Johnson, T.W.; Réber, L.; Di Mario, C.; Bourantas, C.V.; Jia, H.; Mattesini, A.; Gonzalo, N.; Hernandez, ]. M.D.L.T.; Prati, F,; Koskinas,
K.C,; et al. Clinical use of intracoronary imaging. Part 2: Acute coronary syndromes, ambiguous coronary angiography findings,
and guiding interventional decision-making: An expert consensus document of the European Association of Percutaneous
Cardiovascular Interventions. Eurointervention 2019, 15, 434-451. [CrossRef]

Noguchi, M.; Gkargkoulas, F.; Matsumura, M.; Kotinkaduwa, L.N.; Hu, X.; Usui, E.; Fujimura, T.; Seike, F.; Salem, H.; Jin, G.; et al.
Impact of Nonobstructive Left Main Coronary Artery Atherosclerosis on Long-Term Mortality. JACC Cardiovasc. Interv. 2022, 15,
2206-2217. [CrossRef]

Franchin, L.; Angelini, F.; De Filippo, O.; D’Ascenzo, F. IVUS-guided decision-making in acute coronary syndrome after
resuscitated cardiac arrest. Int. J. Cardiovasc. Imaging 2021, 37, 2107-2109. [CrossRef] [PubMed]

Calvert, PA.; Obaid, D.R.; O’Sullivan, M.; Shapiro, L.M.; McNab, D.; Densem, C.G.; Schofield, PM.; Braganza, D.; Clarke, S.C,;
Ray, K.K,; et al. Association Between IVUS Findings and Adverse Outcomes in Patients with Coronary Artery Disease: The VIVA
(VH-IVUS in Vulnerable Atherosclerosis) Study. JACC Cardiovasc. Imaging 2011, 4, 894-901. [CrossRef] [PubMed]

Sales, F; Falcao, B.; Falcao, J.; Ribeiro, E.; Perin, M.; Horta, P.; Spadaro, A.; Ambrose, ].; Martinez, E.; Furuie, S.; et al. Evaluation
of plaque composition by intravascular ultrasound “virtual histology”: The impact of dense calcium on the measurement of
necrotic tissue. Eurointervention 2010, 6, 394-399. [CrossRef]

Costopoulos, C.; Brown, A.J.; Teng, Z.; Hoole, S.P.; West, N.E.].; Samady, H.; Bennett, M.R. Intravascular ultrasound and optical
coherence tomography imaging of coronary atherosclerosis. Int. |. Cardiovasc. Imaging 2015, 32, 189-200. [CrossRef]

Ibanez, B.; James, S.; Agewall, S.; Antunes, M.].; 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. Eur. Heart J. 2018, 39, 119-177. [CrossRef]

Tilman, E.; Max, K.; UJoseph, S.; Geyer, M.; Mildenberger, P; Kloeckner, R.; Wenzel, P.; Varga-Szemes, A.; Diiber, C.; Miinzel, T.;
et al. Cardiac magnetic resonance imaging features prognostic information in patients with suspected myocardial infarction with
non-obstructed coronary arteries. Int. ]. Cardiol. 2021, 327, 223-230.

Dall’Armellina, E.; Karamitsos, T.; Neubauer, S.; Choudhury, R.P. CMR for characterization of the myocardium in acute coronary
syndromes. Nat. Rev. Cardiol. 2010, 7, 624—636. [CrossRef] [PubMed]

Kramer, C.M.; Barkhausen, J.; Bucciarelli-Ducci, C.; Flamm, S.D.; Kim, R.J.; Nagel, E. Standardized cardiovascular magnetic
resonance imaging (CMR) protocols: 2020 update. J. Cardiovasc. Magn. Reson. 2020, 22, 17. [CrossRef]

Kwon, D.H.; Halley, C.M.; Carrigan, T.P,; Zysek, V.; Popovic, Z.; Setser, R.; Schoenhagen, P.; Starling, R.C.; Flamm, S.D.; Desai,
M.Y. Extent of Left Ventricular Scar Predicts Outcomes in Ischemic Cardiomyopathy Patients with Significantly Reduced Systolic
Function: A Delayed Hyperenhancement Cardiac Magnetic Resonance Study. JACC Cardiovasc. Imaging 2009, 2, 34—-44. [CrossRef]
[PubMed]

Reimer, K.A.; Jennings, R.B.; Tatum, A.H. Pathobiology of acute myocardial ischemia: Metabolic, functional and ultrastructural
studies. Am. J. Cardiol. 1983, 52, 72-81. [CrossRef]

Wu, K.C.; Kim, R.J.; A Bluemke, D.; E Rochitte, C.; A Zerhouni, E.; Becker, L.C.; Lima, J.A. Quantification and time course of
microvascular obstruction by contrast-enhanced echocardiography and magnetic resonance imaging following acute myocardial
infarction and reperfusion. J. Am. Coll. Cardiol. 1998, 32, 1756-1764. [CrossRef]

Sosnovik, D.E.; Nahrendorf, M.; Weissleder, R. Magnetic nanoparticles for MR imaging: Agents, techniques and cardiovascular
applications. Basic Res. Cardiol. 2008, 103, 122-130. [CrossRef] [PubMed]

Gerbaud, E.; Arabucki, F; Nivet, H.; Barbey, C.; Cetran, L.; Chassaing, S.; Chassaing, B.; Lesimple, A.; Cochet, H.; Montaudon, M.;
etal. OCT and CMR for thediagnosis of patients presenting with MINOCA and suspected epicardial causes. JACC Cardiovasc.
Imaging 2020, 13, 2619-2631. [CrossRef] [PubMed]

Opolski, M.; Spiewak, M.; Marczak, M.; Debski, A.; Grodecki, K.; Chmielak, Z.; Tyczynski, P.; Witkowski, A. TCT-632 Mecha-
nisms of Myocardial Infarction in Patients with Nonobstructive Coronary Artery Disease: Results from the Optical Coherence
Tomography Study. J. Am. Coll. Cardiol. 2018, 72, B252-B253. [CrossRef]

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
MINOCA in Women. Circulation 2011, 124, 1414-1425. [CrossRef] [PubMed]

Reynolds, H.R.; Srichai, M.B.; Igbal, S.N.; Slater, J.; Mancini, G.B.J.; Feit, F; Pena-Sing, I.; Axel, L.; Attubato, M.; Yatskar, L.; et al.
Mechanisms of Myocardial Infarction in Women without Angiographically Obstructive Coronary Artery Disease. Circulation
2011, 124, 1414-1425. [CrossRef] [PubMed]

Yilmaz, A.; Mahrholdt, H.; Athanasiadis, A.; Vogelsberg, H.; Meinhardt, G.; Voehringer, M.; Kispert, E.-M.; Deluigi, C.; Baccouche,
H.; Spodarev, E.; et al. Coronary vasospasm as the under-lying cause for chest pain in patients with PVB19 myocarditis. Heart.
2008, 94, 1456-1463. [CrossRef] [PubMed]

Placido, R.; Lopes, B.C.; Almeida, A.G.; Rochitte, C.E. The role of cardiovascular magnetic resonance in takotsubo syndrome. J.
Cardiovasc. Magn. Reson. 2016, 18, 1-12. [CrossRef]


http://doi.org/10.1371/journal.pone.0237588
http://doi.org/10.4244/eijy19m06_02
http://doi.org/10.1016/j.jcin.2022.08.024
http://doi.org/10.1007/s10554-021-02184-5
http://www.ncbi.nlm.nih.gov/pubmed/33616782
http://doi.org/10.1016/j.jcmg.2011.05.005
http://www.ncbi.nlm.nih.gov/pubmed/21835382
http://doi.org/10.4244/EIJV6I3A65
http://doi.org/10.1007/s10554-015-0701-3
http://doi.org/10.1093/eurheartj/ehx393
http://doi.org/10.1038/nrcardio.2010.140
http://www.ncbi.nlm.nih.gov/pubmed/20856263
http://doi.org/10.1186/s12968-020-00607-1
http://doi.org/10.1016/j.jcmg.2008.09.010
http://www.ncbi.nlm.nih.gov/pubmed/19356530
http://doi.org/10.1016/0002-9149(83)90180-7
http://doi.org/10.1016/S0735-1097(98)00429-X
http://doi.org/10.1007/s00395-008-0710-7
http://www.ncbi.nlm.nih.gov/pubmed/18324368
http://doi.org/10.1016/j.jcmg.2020.05.045
http://www.ncbi.nlm.nih.gov/pubmed/32828786
http://doi.org/10.1016/j.jacc.2018.08.1836
http://doi.org/10.1161/CIRCULATIONAHA.111.026542
http://www.ncbi.nlm.nih.gov/pubmed/21900087
http://doi.org/10.1161/CIRCULATIONAHA.111.026542
http://www.ncbi.nlm.nih.gov/pubmed/21900087
http://doi.org/10.1136/hrt.2007.131383
http://www.ncbi.nlm.nih.gov/pubmed/18230640
http://doi.org/10.1186/s12968-016-0279-5

J. Clin. Med. 2023, 12,2129 14 of 14

69.

70.

71.

72.

73.

74.

75.

Beltrame, J.E; Crea, F,; Kaski, ].C.; Ogawa, H.; Ong, P.; Sechtem, U.; Shimokawa, H.; Merz, C.N.B. International standardization of
diagnostic criteria for vasospastic angina. Eur. Hearth . 2015, 38, 2565-2568. [CrossRef]

Marrone, A.; Pavasini, R.; Scollo, E.; Gibiino, F.; Pompei, G.; Caglioni, S.; Biscaglia, S.; Campo, G.; Tebaldi, M. Acetylcholine Use
in Modern Cardiac Catheterization Laboratories: A Systematic Review. J. Clin. Med. 2022, 11, 1129. [CrossRef]

Ciliberti, G.; Seshasai, S.R. K.; Ambrosio, G.; Kaski, ].C. Safety of intracoronary provocative testing for the diagnosis of coronary
artery spasm. Int. J. Cardiol. 2017, 244, 77-83. [CrossRef] [PubMed]

Raphael, C.E.; Heit, J.A.; Reeder, G.S.; Bois, M.C.; Maleszewski, ].J.; Tilbury, R.T.; Holmes, D.R. Coronary embolus: An
underappreciated cause of acute coronary syndromes. JACC Cardiovasc. Interv. 2018, 11, 172-180. [CrossRef] [PubMed]

Buono, A.; Pedrotti, P.; Soriano, F.; Veas, N.; Oliva, E; Oreglia, J.; Ammirati, E. Myocardial infarction with non-obstructive
coronary arteries (MINOCA): Diagnosis, pathogenesis, therapy and prognosis. G. Ital. Di Cardiol. 2019, 20, 499-511. [CrossRef]
[PubMed]

Shibata, T.; Kawakami, S.; Noguchi, T.; Tanaka, T.; Asaumi, Y.; Kanaya, T.; Nagai, T.; Nakao, K.; Fujino, M.; Nagatsuka, K,;
et al. Prevalence, Clinical Features, and Prognosis of Acute Myocardial Infarction Attributable to Coronary Artery Embolism.
Circulation 2015, 132, 241-250. [CrossRef] [PubMed]

De Filippo, O.; Russo, C.; Manai, R.; Borzillo, I.; Savoca, F.; Gallone, G.; Bruno, F.; Ahmad, M.; De Ferrari, G.M.; D’Ascenzo, F.
Impact of secondary prevention medical therapies on outcomes of patients suffering from Myocardial Infarction with NonOb-
structive Coronary Artery disease (MINOCA): A meta-analysis. Int. ]. Cardiol. 2022, 368, 1-9. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1093/eurheartj/ehv351
http://doi.org/10.3390/jcm11041129
http://doi.org/10.1016/j.ijcard.2017.05.109
http://www.ncbi.nlm.nih.gov/pubmed/28622945
http://doi.org/10.1016/j.jcin.2017.08.057
http://www.ncbi.nlm.nih.gov/pubmed/29348012
http://doi.org/10.1714/3207.31839
http://www.ncbi.nlm.nih.gov/pubmed/31530951
http://doi.org/10.1161/CIRCULATIONAHA.114.015134
http://www.ncbi.nlm.nih.gov/pubmed/26216084
http://doi.org/10.1016/j.ijcard.2022.08.034

	Introduction 
	Role of OCT 
	Role of IVUS 
	Integrating Invasive and Non-Invasive Cardiac Imaging: The Role of CMR 
	Diagnostic Approach 
	Conclusions 
	References

