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Abstract

Purpose of Review Myocardial infarction in the absence of
coronary artery disease is caused by a variety of clinical
conditions, so it is important to detect the specific causes in
order to perform a better prognostic stratification of these
patients. The aim of this review is to summarize the most
important findings that established the role of CMR (car-
diovascular magnetic resonance) to detect the MINOCA
(myocardial infarction with non-obstructive arteries)
patients and the importance to differentiate them from
myocardial infarction patients.

Recent Findings The role of CMR is crucial to diagnose
the principal diseases involved in MINOCA, as demon-
strated. The several MR sequences used in all the MIN-
OCA patients showed different results for all the different
causes of MINOCA and, surely, high-resolution MR with
gadolinium enhancement has been considered the best
method to differentiate the transmural lesions.

Summary Another fundamental aspect to be considered is
the experience of CMR radiologists, which represent the
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most important element for the right diagnosis of MIN-
OCA. Surely, in the future, CMR will be the most impor-
tant technique of choice for MINOCA patients, playing a
key role in their management.
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Introduction

Myocardial infarction in the absence of obstructive coro-
nary artery disease is found in 5% to 6% of all patients with
acute infarction, who are referred for coronary angiography
[1]. The term MINOCA indicates patients with evidence of
atherosclerosis that is not hemodynamically compromising
[2]. The management of patients with MINOCA is strictly
dependent on the cause, so an evaluation should be
mandatory in all these patients. The demographic and
clinical characteristics of MINOCA patients differ from
other patients with AMI (acute myocardial infarction).
MINOCA patients are usually younger than patients with
AMI—CAD (acute myocardial infarction—coronary artery
disease). Women are disproportionately represented among
individuals with MINOCA [3-5]; they make up close to
50% of the MINOCA population but only 25% of the
population with AMI—-CAD [5]. MINOCA patients have a
lower prevalence of dyslipidemia than their counterparts
with AMI—CAD [3-6]. Finally, other CAD risk factors,
such as hypertension, diabetes mellitus, tobacco abuse, and
family history of myocardial infarction, are less frequent in
MINOCA patients [3—-6].
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MINOCA Classification

The European Society of Cardiology proposed the fol-
lowing MINOCA criteria [7]:

— AMI criteria as defined by the “Third Universal
Definition of Myocardial Infarction” [8]

— Non-obstructive coronary arteries as per angiographic
guidelines with no lesions >50% in a major epicardial
vessel (plaque disruption) [9],

— No other clinical specific cause that can be an
alternative cause for the acute presentation [1].

Fundamental to the definition of MINOCA is the diag-
nosis of AMI with an elevated cardiac biomarker, typically
a cardiac troponin > 99th percentile of the upper reference
level on serial assessment [1]. To limit the diagnostic
mistakes due to indiscriminate use of troponin, the “Fourth
Universal Definition of Myocardial Infarction” redefined
the concept of myocardial injury [10]. Similar to myocar-
dial infarction, the myocardial injury is an elevated tro-
ponin beyond the 99th percentile of the upper reference
level. The diagnostic challenge is to define these entities,
because patients with myocardial injury can show symp-
toms that mimic myocardial infarction at the initial pre-
sentation. In the evaluation of patients with a suspected
AMI, it is mandatory to exclude clinical causes for the
elevated troponin (sepsis, pulmonary embolism), obstruc-
tive disease (complete occlusion of a small coronary
artery), and non-ischemic mechanisms of myocyte injury
that can mimic myocardial infarction (myocarditis). The
elevation of troponin level and the elevation of ST seg-
ment, as expression of myocardial injury, are also found in
Myocarditis and Takotsubo syndrome that are involved in
MINOCA causes, despite the myocardial injury is not
referable to a coronary obstruction [1]. Once these causes
and pathologies have been considered, a diagnosis of
MINOCA can be made (Table 1).

Diagnosis

Many studies have demonstrated the utility of cardiovas-
cular magnetic resonance (CMR) in providing a reclassi-
fication of an AMI diagnosis. So CMR is considered a
crucial multiparametric diagnostic tool by the European
Society of Cardiology working group on MI (myocardial
infarction) with non-obstructive coronary arteries [11°].
Based on a meta-analysis of studies using CMR as a
diagnostic tool in MINOCA, myocarditis is the leading
diagnosis, and when CMR is performed early, it can secure
a diagnosis in up to 87% of cases [1-11¢]. Other causes of
MINOCA, as diagnosed by CMR, commonly include
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Takotsubo cardiomyopathy, acute MI, hypertrophic or
dilated cardiomyopathy, and non-cardiac causes (such as
pulmonary embolism). Although CMR can provide an
evaluation of the myocardium in MINOCA, additional
diagnostic testing of the coronary arteries, such as
intravascular ultrasonography (IVUS) and optical coher-
ence tomography (OCT), may elucidate the mechanism of
MINOCA, including atherosclerotic plaque rupture, ero-
sion, and spontaneous coronary dissection. Furthermore,
provocative testing may support coronary vasospasm as a
potential cause of MINOCA [1].

Radiological Features
CMR Study Protocol

In MINOCA patients, the CMR study should be performed
within 7 days from symptom onset. A CMR study protocol
to evaluate MINOCA patients include the evaluation of
cardiac structure and function of LV (left ventricle) with
cine imaging, presence of myocardial edema with T2-
weighted (T2w-STIR) image, and presence of myocardial
injury with late gadolinium enhancement (LGE) imaging.
Moreover, the use of new tissue characterization tech-
niques, T1 and extracellular volume (ECV), and T2 map-
ping are recommended, due to their diagnostic accuracy in
the detection of myocardial damage [12, 13]. Recently,
Pierre Francoise Lintigre et al. had showed the diagnostic
yield of CMR with high-resolution late gadolinium
enhancement, in order to investigate the intramural
myocardial lesions in MINOCA patients [14¢e]. This ret-
rospective study involved 229 patients categorized as
MINOCA. The patients were evaluated after lab tests,
electrocardiogram, echocardiogram, and conventional
CMR, and were performed cine sequences, T2-weighted,
first pass perfusion, conventional LGE at 10 min, and high-
resolution LGE (HR LGE) free breathing. Was used CMR
1.5 T and the images were interpreted by two readers with
5 and 15 years of experience in a random order, months or
years after the acquisitions, and they were blinded to the
initial CMR report. Left ventricular volume and ejection
fraction were quantified using Argus software (Siemens
Medical System). Ventricular dilatation and systolic dys-
function were defined on the basis of previously reported
normal values [15]. Cine images were used to look for the
abnormality of wall motion or pericardial effusion. T2
weighted were analyzed to look for myocardial edema.
LGE imaging was analyzed to look for myocardial perfu-
sion defects and the HR LGE imaging volume could be
reviewed in multiplanar reformation of any orientation,
depending on LGE location. In each patient, the distribu-
tion of LGE was described as subendocardial,
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Table 1 Principal clinically overlooked of MINOCA and diagnostic investigation

Clinical disorder

Diagnostic investigation

Non-ischemic presentation

Takotsubo syndrome

Cardiomyopathies

Myocarditis

Ischemic presentation

Plaque disruption, coronary embolism, coronary dissection
Coronary artery spasm

Coronary microvascular dysfunction

Supply demand mismatch

Contrast CMR
Left ventricular angiogram
Contrast CMR
Contrast CMR

Angiographic review

Intravascular imaging (OCT, IVUS)
Thrombophilia test (embolism)
Intracoronary vasodilators
Provocative spasm testing
Angiographic review

Coronary microvascular testing

History for potential stressor

subepicardial, and midwall. The criterion to diagnose the
myocardial infarction on CMR was the presence of
subendocardial or transmural LGE [16]. Myocarditis was
instead diagnosed with the presence of definite midwall or
subepicardial LGE in the absence of subendocardial LGE
[12]. Takotsubo syndrome was diagnosed when wall
motion abnormality was found evolving in the apical or
basal in the absence of myocardial LGE [17]. In these
patients were performed a follow-up at 3 months using
CMR or TTE. A total of 229 patients were recruited for
MINOCA. Electrocardiography showed ST elevation for
myocardial infarction in 85 patients, and TTE were nega-
tive in 124 patients, coronary angiography showed normal
arteries in 125 patients, and non-obstructive CAD in 104.
All patients underwent CMR, and a subpopulation of 172
patients had HR LGE as added protocols when diagnosis
remained inconclusive. These patients (86) had a definite
diagnosis: myocardial infarction in 39, acute myocarditis in
32, Takotsubo cardiomyopathy in 13, and other diagnosis
in 2. In this study, HR LGE could reveal the infarction in
14% and rule out the diagnosis of infarction in 12%. The
interpretation of myocardial injury with HR LGE led to a
modification of diagnosis in 45 of 172 patients, with a
modification of prognosis, and a different decision making
on therapy [14¢+]. HR LGE had showed in this study how it
could be more incisive for the outcome of MINOCA
patients when conventional CMR is negative.

Acute Myocarditis

Inflammation of the myocardium may occur as a result of
exposure to antigens such as viruses, bacteria, protozoa,

drugs, toxins, or as an autoimmune condition. CMR is
indicated for patients with new presentation or persisting of
symptoms suggestive of myocarditis (dyspnea, orthopnea,
palpitations, chest pain, effort intolerance), if viral etiology
is suspected with no evidence of coronary stenosis.
According to the European Society of Cardiology Working
group and to the last guidelines, myocarditis diagnosis is
performed by CMR as a Class I procedure for the identi-
fication of myocarditis [18]. The CMR protocol used for
these patients consisted in evaluation of: Presence and
pattern of myocardial edema with T2w-STIR images:
Patchy areas of high signal intensity; Subepicardial or
septal high signal intensity; Transmural high signal inten-
sity (not specific for myocardial inflammation); Global
high signal intensity evaluated through the T2-ratio tech-
nique; Evaluation of myocardial early gadolinium
enhancement ratio that explore the regional vasodilation as
a feature of tissue inflammation. The presence and pattern
of necrosis and fibrosis with LGE imaging: Patchy areas of
enhancement; Subepicardial enhancement; and transmural
enhancement. These criteria are evaluated in parallel to the
cardiac structure and function with cine imaging due to the
evaluation of the presence of LV dysfunction with regional
or global systolic dysfunction or pericardial effusion which
were considered supportive criteria. According to LLC
(Lake Louise criteria) CMR findings of T2 STIR sequences
for myocardial edema and early gadolinium sequences for
hyperemia are predictive of myocarditis, if at least 2 of 3 of
the previous criteria are present. The mapping techniques
can derive T1 and T2 relaxation time and permit ECV
(extracellular volume) calculation. These techniques pro-
vide better diagnosis than traditional sequences in the
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diagnosis of acute myocarditis, in particular the reported
AUC (area under the curve) for T1 mapping was 0.95, for
T2 mapping was 0.88, and for ECV (extracellular volume)
0.81 [18] (Fig. 1). To assess the role of CMR and to detect
the non-obstructive causes of Minoca, Heidecker Bettina
et al.,, in a study of 2019, had investigated the myocarditis
patients in a population of 556 MINOCA patients with high
levels of Troponin and angina-like symptoms, without
significant coronary artery obstruction [19]. The study was
a retrospective chart review between 2011 and 2017. CAD
was excluded using a coronary angiography or a coronary
CT in all the patients with a rise in Troponin level and
angina-like symptoms. All the patients with an obstruc-
tion < 50% had a CMR to exclude other causes of MIN-
OCA. CMR 1.5T was used and all the images were
performed under the supervision of the head of cardiac
imaging, who had several years of experience. Were per-
formed, with this purpose, cine-images, T2-weighted
imaging and LGE (Late Gadolinium Enhancement) images
evaluated in 10 min. Myocarditis was considered when
there was an epicardial or midwall distribution of LGE,

Fig. 1 30-year-old patient with
myocarditis symptoms. The
diagnosis was made with these
significant images according to
Lake Louise Criteria: a T2 STIR
3-chamber view with
subepicardial hyperintensity of
inferior and inferolateral walls
and edema. b Delayed
enhancement in short-axis view
with subepicardial
hyperintensity of inferior and
inferolateral walls and edema of
LV. ¢ Delayed enhancement in
3-chamber view with
subepicardial hyperintensity of
inferolateral wall with edema

associated with a patchy pattern and non-coronary distri-
bution [20, 21]. 556 patients were admitted, and CMR was
able to diagnose 76 (13.7%) myocarditis, 34 (6.1%) dilated
cardiomyopathy, 41 ischemia during stress, 15 hyper-
trophic, 13 pericarditis, 8 amyloidosis, 7 Takotsubo, 5
sarcoidosis, 3 Fabry’s disease, others 22, and 332 normal
heart. For these reasons, a great number of myocarditis was
investigated, and this study had showed the central role of
CMR to detect another important cause of MINOCA, often
unremarkable by systematic work up of the patients with
angina-like symptoms, rise of troponin, and no significant
coronary artery disease [22].

Takotsubo Syndrome

CMR is able to identify LV (left ventricle) wall motion
abnormalities, and provides the evaluation of right ventri-
cle (RV) motility [17, 23]. The most common presentation
of TS (Takotsubo) is LV apical akinesia with preserved
function of the remaining segments, which causes the
typical “apical ballooning” appearance. Mid-ventricular
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type, basal or inverted type, focal variants, and isolated or
concomitant RV (right ventricle) akinesia have also been
described but with lower frequency [24]. Wall motion
abnormalities are reversible and complete recovery of
systolic function has been demonstrated at 3 months of
follow-up [25]. CMR represents a widely established
method to non-invasively assess myocardial tissue, within
a scanning time of 30 min [26]. CMR myocardial edema
can be detected by means of T2w-STIR images or assessed
either on T1- or T2-mapping sequences, with increased
values in both ballooning and non-ballooning segments
[27]. Usually, no LGE (late gadolinium enhancement) is
seen in Takotsubo patients. In conclusion, wall motion
abnormalities and absence of LGE represent the findings
that permit CMR for providing a diagnosis of Takotsubo in
patients with high serum troponin levels, and for differ-
entiating this entity from myocardial infarction and
myocarditis [27]. The epidemiological data of MINOCA
showed that women were disproportionately represented
among MINOCA patients, in fact Harmony R. Reynolds
et al., in a recent prospective study of November 2020, had
involved 301 women at 16 sites, with a clinical diagnosis
of myocardial infarction [28+]. When coronary angiogra-
phy showed a < 50% stenosis in all major artery, an OCT
was performed, followed by CMR. CMR was performed
one week after the symptoms, and the images were inter-
preted by different laboratories blinded to the results of
other laboratories. OCT was performed using an OCT
ILUMIEN OPTIS, and CMR was 1.5 T or 3.0 T and T2-
weighted, fat-suppressed, fast-spin echo, LGE at 10 or
15 min, and T1 mapping were performed [29]. Although
patients involved were 301, only 147 had an OCT evalu-
ation and 67 had a culprit lesion (rupture plaque, intra-
plaque cavity, and thrombus without rupture plaque). Three
patients had coronary spasm. CMR was interpretative in
116 of the 147 participants with an interpretable OCT and
showed regional injury in 24 women, myocarditis in 17,
Takotsubo cardiomyopathy in 4, non-ischemic cardiomy-
opathy in 3, and normal heart in 30 patients [30]. Fur-
thermore, this study had demonstrated that among 116
women who had OCT and CMR evaluation, 98 had an
abnormality on one or both methodic, and surely the
prevalence of abnormalities indicating a cause of MIN-
OCA presentation after the combination of OCT and CMR
was 84.5%, significantly higher than OCT alone or CMR
alone.

Ischemic Causes of MINOCA

CMR imaging is a diagnostic tool to be employed in
MINOCA patients with suspected acute myocardial
infarction. Myocardial edema is evaluated on T2w-STIR
images and LGE that permit the evaluation of myocardial

damage and gives information about the mechanisms.
Transmural LGE indicates an ischemic cause of injury, but
it does not specify the particular mechanism of ischemia,
while a non-ischemic appearance of LGE (mesocardial or
subepicardial localization) is indicative of other myocardial
disorders such as myocarditis and other cardiomyopathies
[30] (Figs. 2, 3). To this purpose, Amerdeep Gosh Dastidar
et al., in a study of 2018, investigated the prognostic impact
of CMR in these patients [31] in a retrospectively study of
388 MINOCA. The protocols provided the use of 1.5 T
CMR and included cine imaging, T2 weighted for
myocardial edema, and early and late gadolinium
enhancement imaging [32]. Patients were grouped in 4
categories: myocardial Infarction, myocarditis, cardiomy-
opathies, and normal CMR. CMR was performed with a
median of 37 days from clinical presentations, and the
images were analyzed by radiologists with 15 years of
experiences, all with an ESC CMR level 3 certification.
The cases of myocarditis were diagnosed by LLC: T2 STIR
sequences for myocardial edema and early gadolinium
sequences for hyperemia [19]. Myocardial infarction was
diagnosed by territorial subendocardial and transmural
LGE. Cardiomyopathies, in particular Takotsubo, were
diagnosed by T2 STIR for myocardial edema and regional
wall motion in mid-cavity or apical distribution with no
myocardial LGE [24]. Normal heart was defined based on
no regional wall motion abnormality, no myocardial
edema, and no myocardial LGE. In this study, CMR was
able to identify the causes of troponin rise in 74% of
patients, which were so distributed: 25% myocarditis, 25%
patients with myocardial infarction, 25% cardiomyopathy,
and 26% normal heart. The cardiomyopathy group, repre-
sented by Takotsubo syndrome, had showed a worst
prognosis over a median of follow-up of 3.5 years with a
15% of death. In particular, in these patients, CMR could
better identify the cases by delineating the myocardial
edema, RV involvement, presence of thrombus caused by
the stunning of apical wall, and LV outflow tract obstruc-
tion. The study had also showed the importance of CMR
and ST elevation on ECG, as best predictors of mortality.
All these data had led a better stratification of all the
MINOCA patients involved in order to assess the right
treatment and change the clinical history of the patients.

Other Causes of MINOCA

Hypertrophic Cardiomyopathy

HCM (Hypertrophic cardiomyopathy) patients present with
increased ventricular myocardial thickness and could have

hyperintense myocardial areas at T2w-STIR images,
altered first pass perfusion and presence of LGE. T1- and
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Fig. 2 47-year-old patient with
known thrombophilia and
typical myocardial infarction
symptoms. The presentation
was negative T wave in anterior
and regression of symptoms.
Angiography does not show
significative stenosis and CMR
was performed that showed

a Delayed enhancement in
2-chamber view with transmural
necrosis of the apex and anterior
wall. b Delayed enhancement in
4-chamber view with transmural
necrosis of apex, lateral wall,
and inferior sept. ¢ Delayed
enhancement in 3-chamber view
with transmural necrosis of
apex, posterior wall, and
anterior sept

Fig. 3 63-year-old patient with
non-obstructive stenosis of
MOI1 and atrial fibrillation with
rapid ventricular response and
subendocardial ischemia. a T2
STIR short-axis view of
subendocardial hyperintensity
of lateral wall with edema.

b Delayed enhancement in
4-chamber view of
subendocardial edema in lateral
wall

T2-mapping MR imaging techniques are able to identify
myocardial injuries associated with HCM without
gadolinium-based contrast agents [33-37]. Therefore, T1
mapping without contrast may identify myocardial scarring
as well as interstitial fibrosis in HCM. The T2 alterations
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are associated with edema and may represent acute
ischemic damage so hypertrophic cardiomyopathy could be
the expression of MINOCA. Furthermore, the presence of
LGE seems to be a marker of increased risk of non-sus-
tained ventricular tachycardia episodes as a prognostic
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factor. Cine SSFP (steady-state free precession sequences)
MR imaging is used for morphological assessment of HCM
and evaluation of cardiac function. These sequences are
able to define all phenotypes of HCM because of its no
limited view. Using retrospective gating, cine SSFP is the
most important method to quantify the myocardial thick-
ness and mass, which are related to the prognosis of HCM
[33-37].. Late gadolinium enhancement is the most valu-
able MR imaging sequence for HCM, because it identifies
the myocardial fibrosis that contributes to risk stratification
for HCM [37]. The myocardial fibrosis is strictly related to
ventricular tachyarrhythmia and so late gadolinium
enhancement is significantly related to ventricular tach-
yarrhythmia associated with HCM. Late gadolinium
enhancement is also useful for differentiating HCM from
other cardiomyopathies with similar symptoms and LVH
[35, 36].

Conclusions

These studies highlight the potential benefit of using CMR
to evaluate MINOCA patients for a better treatment based
on the detected cause. CMR can confirm MI (myocardial
infarction) for accurately categorizing patients according to
the contemporary definition of MINOCA. Additional tests
of the coronary arterial system could provide further
insights into the cause of MINOCA in patients who have an
MI (Figs. 2 and 3), and although invasive, remain the first
step to diagnose MINOCA. CMR is non-invasive and can
differentiate MI from myocarditis (Fig. 1) and various
cardiomyopathies, led to personalized treatment pathways
and led to a better prognostic stratification of these patients.
A multi-parametric CMR protocol may include functional
imaging and advanced tissue characterization techniques,
such as T1 mapping, LGE imaging, and HR LGE, that if
performed early within 1 week of the acute presentation
could change statistically significant the outcome of
MINOCA patients, changing clinical assessment, therapy,
and prognosis. The advantages of using CMR to guide
management in MINOCA patients include a true diagnosis
of MI, to distinguish from non-ischemic causes, and eval-
uate the extent and functional impact of the acute
myocardial injury. Different and combined methodical as
OCT and CMR had showed the importance of this
approach to detect the obstructive causes of MINOCA.
CMR has demonstrated clinical utility in diagnosis and
prognosis of MINOCA and this has led to insert CMR in
the guidelines, as a first method to investigate MINOCA in
all inconclusive diagnoses.
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