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Abstract: Cardiac magnetic resonance (CMR) is established as a key imaging modality in a
wide range of cardiovascular diseases and has an emerging diagnostic and prognostic role
in selected patients presenting acutely. Recent technical advancements have improved the
versatility of this imaging technique, which has become quicker and more detailed in both
functional and tissue characterization assessments. Information derived from this test has
the potential to change clinical management, guide therapeutic decisions, and provide risk
stratification. This review aims to highlight the evolving diagnostic and prognostic role of
CMR in this setting, whilst also providing practical guidance on which patients can benefit
the most from CMR and which information can be derived from this test that will impact
clinical management.

Keywords: cardiac magnetic resonance; tissue characterization; acute heart failure;
cardiomyopathies

1. Introduction
In the setting of acute cardiovascular disease, the imaging diagnostic work-up often

starts with transthoracic echocardiography, which is quick, widely available, low-cost,
and radiation-free [1]. However, this modality is also highly dependent on an acoustic
window that can be suboptimal in ventilated and non-cooperative patients admitted to the
intensive care units (ICUs). Cardiac computed tomography (CT) provides the rapid, high-
resolution imaging of cardiac and vascular structures; however, its use requires a careful
risk–benefit assessment due to radiation exposure and the potential risk of contrast-induced
nephropathy, particularly in vulnerable patients [2].

In patients presenting with severe acute heart failure (HF), the endomyocardial biopsy
(EMB) can be required to better understand underlying tissue abnormalities. Although
it is currently performed in many tertiary centers, EMB remains an invasive procedure
with potential, although rare, complications [3]. Cardiac magnetic resonance (CMR) can
offer accurate cardiac volumetric and function assessments, as well as non-invasive and
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radiation-free myocardial tissue characterization [4]. However, its use in the acute setting
has historically posed technical challenges due to the long imaging acquisition times and
the need for appropriate breath-holding from a collaborative patient. CMR in acutely
ill patients also poses operational challenges on how to safely manage this patient in an
MRI environment, including deciding which patients are adequate candidates for the test
and who are not. Some of the technical challenges can now be overcome by novel CMR
sequences and focused imaging protocols, which significantly shorten the exam duration
and increase the feasibility of the modality also in this setting.

2. Feasibility of CMR in Acutely Ill Patients
When CMR imaging is likely to impact clinical decisions, the process begins with

evaluating the patient’s suitability for the procedure.
Ventilated patients may undergo CMR under certain conditions using an MRI-

compatible ventilator; however, this is generally avoided unless there is a strong clinical
indication [5]. The second step is to assess patients’ compliance and collaboration in main-
taining a supine position for 20–45 min and the ability to follow breath-hold instructions.
Difficulty in breath-holding and highly irregular heart rhythms can significantly degrade
image quality and, consequently, reduce the diagnostic yield of the test [6].

3. Tailored CMR Protocol in Acute Cardiovascular Care
As previously mentioned, the first step to ensure the feasibility and good diagnostic

yield of a CMR scan in the acute setting is a thorough discussion of clinical indications with
the referring physician to tailor the acquisition protocol, avoiding unnecessary sequences.

A rapid and essential protocol, including mainly cine and late gadolinium enhance-
ment (LGE) sequences, can be obtained in approximately 20 min [7]. Even when adding
additional tissue characterization sequences and stress perfusion imaging, the scan time
can be maintained below 35 min [8,9].

Every CMR protocol starts with a set of black-blood or bright-blood localizers that pro-
vide an initial anatomic assessment and allow for the planning of subsequent sequences [6].
Long- and short-axis cine images are then required for the volumetric and functional
assessment; the latter are usually acquired during the required waiting time between
gadolinium-based contrast agent (GBCA) injection and LGE sequence acquisition [6,7].
If an acute myocardial injury is suspected, T2-weighted images should be acquired to
unveil myocardial edema, with the option to add parametric T2 mapping for quantifi-
cation [6]. Although LGE remains the most robust parameter to non-invasively identify
the presence and extent of myocardial fibrosis/necrosis, native T1 parametric mapping
is a promising technique to detect diffuse or localized myocardial fibrosis without the
need for a contrast agent [10]. An extracellular volume (ECV) estimation (interstitium
and extracellular matrix) can be obtained using T1-mapping values before and after con-
trast administration and the patient’s hematocrit, either collected within 24 h [11,12] or
generated using a synthetic, automated, ECV tool [13]. A pre-contrast T2* image allows
for the identification of cardiac iron overload, a potential cause of HF and major arrhyth-
mias in patients with thalassemia or hemochromatosis [12]. CMR has a lower temporal
resolution than echocardiography [14]; however, both in-plane and through-plane phase
contrast imaging can be acquired to visualize and quantify valve disease and intracardiac
shunts [15]. Early gadolinium enhancement (EGE) images (within 3 min after contrast
injection) can identify intracardiac thrombi and early microvascular obstruction (MVO),
which may complicate acute myocardial infarction (MI) [6]. Perfusion sequences acquired
at peak stress during either a vasodilator (i.e., adenosine, regadenoson, or dipyridamole) or
an inotropic agent (i.e., dobutamine) injection can detect inducible myocardial perfusion
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defects; these appear as hypointense areas after GBCA injection compared to the normally
perfused myocardium [16].

Shortening scan times can be achieved by reducing breath-holding times and/or the
number of images acquired, using modern sequences accelerated by the implementation
of artificial intelligence and machine learning technology. The breath-hold time should
be maintained as short as possible and preferably below ten seconds to avoid breathing
artifacts. Respiratory navigation can be used to remove the need for breath-holding.
Real-time free-breathing images can be used instead of conventional breath-hold cine
sequences to assess volumes and functions [6] in patients with arrhythmias and limited
ability to breath-hold. Parallel imaging and artificial intelligence can further accelerate
image acquisition [17]. Single-shot LGE sequences acquired during a single breath-hold
allow for the rapid acquisition of multiple slices covering the whole heart [18]. In patients
with cardiac implantable electronic devices (CIEDs), raising the arm can distance the device
from the heart and mitigate the related artifacts. Wideband LGE sequences and spoiled
gradient echo cine sequences, which are less sensitive to magnetic field inhomogeneities,
can replace the standard sequences to further reduce device-related artifacts [19,20].

4. Clinical Scenarios
4.1. Acute Coronary Syndromes

Acute coronary syndromes (ACSs) can be complicated by life-threatening arrhythmias
or HF and represent the most prevalent cardiovascular disease requiring ICU admission [21].
Acute ischemic myocardial injury is detected at CMR imaging as an increased signal inten-
sity on both T2-weighted sequences, indicating myocardial edema, and LGE sequences,
where it has a subendocardial or transmural distribution in one or more coronary artery
territories [22] (Table 1). The LGE extent is inversely correlated with a favorable prognosis,
and dysfunctional segments characterized by LGE involving more than 50% of the my-
ocardial thickness are unlikely to recover even after successful revascularization [22,23].
Thus, the evaluation of myocardial viability can be useful in guiding revascularization
intervention, particularly when dealing with complex procedures and high-risk patients.
Up to 50% of patients presenting with ST-elevation MI (STEMI) show MVO, a hypointense
area within the myocardial scar in LGE images that indicates a persistent perfusion defect
after revascularization [24] (Figure 1). In up to 40% of STEMI patients, there can also
be evidence of intramyocardial hemorrhage (IMH) due to reperfusion injury within the
necrotic myocardium, which appears as a hypointense core within a hyperintense area of
myocardial injury in T2-weighted images [25]. Both MVO and IMH are markers of adverse
remodeling and have been associated with an increased risk of death and cardiovascular
events at follow-up [26].

CMR is the gold standard technique for identifying intracardiac thrombi, particularly
when using EGE sequences with a long inversion time [25]. The thrombus is avascular,
thus not enhancing in the signal after contract injection and appearing hypointense (dark),
whilst the ventricular cavities are bright due to the presence of contrast.

CMR’s spatial and contrast resolution is also extremely helpful for the better charac-
terization of ventricular aneurysms or pseudoaneurysms and to detect even small cardiac
ruptures [27].

Pericardial inflammation, which can complicate MI even in the absence of pericardial
effusion, appears as signal hyperintensity of the pericardial layers in both T2-weighted and
LGE images (i.e., acute phase) or only LGE (i.e., subacute phase) [28].
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Table 1. Summary of main CMR role and findings.

Clinical Scenario Main CMR Role and Findings

Acute coronary syndrome

• Distinction between ischemic and non-ischemic causes of myocardial injury in
patients with a MINOCA working diagnosis. Ischemic myocardial injury
presents with increased signal intensity on both T2-weighted and LGE
sequences, with a subendocardial or transmural pattern in one or more
coronary artery territories, differently from non-ischemic injury, for which the
pattern might be mid-wall, patchy, or subepicardial

• Micro-vascular obstruction: hypointense core within an ischemic injury on
LGE sequences

• Intramyocardial hemorrhage: hypointense core within an ischemic injury on
T2-weighted images

• Detection of post-myocardial infarction mechanical complications, including
aneurysms, pseudoaneurysms, myocardial rupture, pericarditis, and thrombi.
Thrombi present as endo-cavitary masses without enhancement on both early
and late gadolinium enhancement sequences

• Distinction between acute ischemic injury (i.e., both T2-weighted and
LGE-positive) and previous myocardial infarction (i.e., only LGE-positive)

Takotsubo syndrome
• Hypokinesia/akinesia of the left ventricular apex associated with increased

signal intensity on T2-weighted images typically without LGE in the
typical forms

Myocarditis

• Lake Louise diagnostic criteria based on at least one T2-based (increased signal
on T2-weighted or increased values on T2 mapping) and one T1-based
(increased values on native T1 mapping, increased ECV, or non-ischemic
LGE) criterion

Pericardial diseases

Pericarditis
• High signal intensity of pericardial layers in both T2-weighted and LGE

sequences (i.e., acute phase) or only LGE (i.e., subacute phase)
Constrictive pericarditis
• Increased pericardial thickness (> 4 mm)
• Septal bounce on real-time cine imaging during deep inspiration/expiration

Hypertrophic cardiomyopathy

• Gold standard for LV mass quantification
• LV apical aneurysms detection
• Tissue characterization using LGE and parametric mapping allows for

differential diagnoses among hypertrophic phenocopies and risk stratification.
LGE involving ≥15% of total LV mass is considered a risk marker for SCD

Dilated cardiomyopathy
• Differential diagnosis between ischemic and non-ischemic causes according to

LGE pattern
• Risk stratification according to LGE presence

Sarcoidosis

• LGE can present with all patterns (i.e., subepicardial/midwall or
transmural/subendocardial), more commonly located in the basal septal or
lateral segments. Association with aneurysms, increased signals on
T2-weighted sequences, or right ventricular involvement is a characteristic

Heart transplantation
• Surveillance for rejection using T1-T2 mapping imaging, and conventional

T2-weighted and LGE sequences
• Stress perfusion CMR might unveil cardiac allograft vasculopathy
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Table 1. Cont.

Clinical Scenario Main CMR Role and Findings

Anderson-Fabry disease

• Decreased native T1-mapping values as a sign of early cardiac involvement of
the disease

• Mid-wall LGE in the basal inferolateral segment is a late finding and associated
with the worst clinical outcomes and reduced likelihood of a response to
enzyme
replacement therapy

Cardiac amyloidosis
• Difficulty in nulling myocardial signal on LGE sequences
• Circumferential subendocardial or transmural LGE pattern
• Markedly elevated native T1 mapping and ECV values

Cardiac iron overload • Reduced native T1-mapping and T2* relaxation times

Chagas disease LGE with heterogenous patterns but typically located at apical and inferolateral LV
segments, often associated with increased signal intensity on T2-weighted imaging

Valvular heart disease

Mitral valve prolapse
• Visualization and quantification of valve regurgitation using cine and phase-

contrast images
• Visualization and quantification of concomitant MAD and associated LGE for

SCD
risk stratification

Cardiac masses
• Malignant tumors usually present with infiltration, larger dimensions, and

non-homogeneous post-contrast enhancement. They might be associated with
pericardial/pleural effusions

Ventricular tachycardia
ablation procedures

• Identification of VT substrate using LGE imaging
• Identification of border zone channels as corridors connecting two areas of

normal myocardium between two core LGE areas or a core LGE and a valve
annulus

CIED

• LGE assessment to aid risk stratification in patients who are candidates for
ICD implantation

• Large, transmural scars located in the inferolateral walls predicts poor response
to CRT or suggest alternative areas for pacing

Acute aortic syndromes

Alternative technique when CT cannot be performed, and TOE is inconclusive. It
mainly allows for visualization of true and false lumens in aortic dissection,
thickened aortic wall in intramural hematoma, and hyperintense signal of the aortic
wall on T2-weighted imaging
in aortitis

Legend: CMR, cardiac magnetic resonance; CRT, cardiac resynchronization therapy; ECV, extracellular volume;
ICD, implantable cardioverter-defibrillator; LGE, late gadolinium enhancement; LV, left ventricle; MAD, mitral
annular disjunction; MINOCA, myocardial infarction with non-obstructive coronary arteries; SCD, sudden cardiac
death; TOE, transesophageal echocardiography; VT, ventricular tachycardia.

In patients with multivessel disease, identifying the culprit lesion and distinguishing
between acute and chronic events can be challenging; acute myocardial injury can be
detected by CMR as areas of increased signal intensity on T2-weighted imaging [29]. In the
absence of concomitant LGE, these areas are usually referred to as “areas at risk”, indicating
they are injured but not infarcted and thus potentially viable in the case of reperfusion [30].
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enhancement. 
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Figure 1. Patient admitted with anterior ST-elevation myocardial infarction. Cardiac magnetic
resonance images showed evidence of increased signal intensity in T2-weighted images and in-
creased T2-mapping values in the interventricular septum and anterior wall (red arrows). There
is also evidence of microvascular obstruction in both early and late gadolinium enhancement im-
ages (blue arrows,) along with transmural LGE in the septum and apical segments. LGE: late
gadolinium enhancement.

Up to 15% of patients presenting with ACS have MI with non-obstructed coronary
arteries (MINOCA) at the coronary angiography [28]. Although the prognosis of these
patients is usually good, they can experience some serious complications, including acute
HF and cardiogenic shock [31]. The MINOCA diagnosis encompasses a heterogeneous
group of patients with acute ischemic or nonischemic myocardial injury [31]. CMR is
recommended by recent guidelines in class I in all patients with suspected MINOCA after
a non-diagnostic invasive coronary angiography, to provide a final diagnosis [32]. The
highest diagnostic yield is obtained when CMR is performed within two weeks from the
acute event; this is particularly true for patients with troponin ≥211 ng/L, in which an early
CMR was demonstrated to have a very high diagnostic yield of 94% [33]. Nevertheless, the
diagnostic yield remains high at 72% even after 14 days from presentation. Results from the
largest registry on MINOCA demonstrated that CMR reclassifies almost 80% of MINOCA
diagnoses at the conventional assessment, thus guiding therapeutic management [34].

4.2. Takotsubo Syndrome

The Takotsubo syndrome (TTS) is a transient regional myocardial dysfunction typically
involving mid-to-apical segments triggered by an emotional or physical stress. Atypical
forms with focal or basal-to-mid segment involvement have also been described, with the
latter representing up to 28% of all TTSs according to recently published data [35,36]. The
clinical presentation can mimic ACS and can be complicated by life-threatening arrhythmias
or cardiogenic shock, which is reported in up to 14% of patients [36]. Echocardiography can
help to suspect the diagnosis, and invasive coronary angiography is required to exclude sig-
nificant CAD [37]. However, diagnosing atypical and focal forms of TTS can be challenging
at the conventional assessment. CMR can help in these cases by showing increased signal
intensity in T2-weighted images in the affected segments in the absence of LGE [38,39]. The
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edema typically resolves within a few months, and it is accompanied by the resolution of
regional wall motion abnormalities.

4.3. Pericardial Diseases

Echocardiography is the first-line tool for the initial evaluation of the pericardium [40].
However, this modality cannot assess the presence of inflammation [41], which is instead
identified at CMR as a high signal intensity of pericardial layers in both T2-weighted
and LGE images, particularly when using fat-suppression techniques [42]. A pericardial
thickness greater than 4 mm and the evidence of ventricular uncoupling in real-time cine
images acquired during free breathing suggest constrictive pericarditis [42]. This condition
can also be present with a normal-thickness pericardium [43]. Cardiac tamponade is
usually diagnosed by combining clinical and echocardiographic features [40]. However,
rare, localized forms of cardiac tamponades can be missed and detected only at the CMR
evaluation [42].

4.4. Myocarditis

Myocarditis is an inflammatory heart disease that can be secondary to immunological
reactions, infections, or exposure to toxins [44]. Fulminant myocarditis is a severe and life-
threatening form of myocarditis characterized by the sudden and rapid onset of myocardial
inflammation, resulting in acute HF, cardiogenic shock, and life-threatening arrhythmias
and requiring prompt diagnosis and treatment, often involving mechanical circulatory
support [45–47]. The prognosis is particularly poor in the case of giant cell myocarditis,
a form of necrotizing myocarditis characterized by rapid symptom progression and an
85% rate of death or heart transplantation at 3 years [44]. After the acute event, myocardial
damage can eventually result in extensive adverse remodeling and dilated or non-dilated
LV cardiomyopathy [48]. EMB is the gold standard for diagnosing myocarditis and its
underlying etiology, particularly when presenting with hemodynamic instability; CMR is
the main non-invasive modality for diagnostic and prognostic assessments and may guide
EMB procedures by reducing sampling errors [49]. According to the updated Lake Louise
criteria [50] acute myocardial inflammation can be confirmed with good accuracy with a
combination of the positivity of at least one T2-based (T2-weighted or T2 mapping) and one
T1-based criterion (T1 mapping, ECV, or presence of nonischemic LGE). The LGE pattern
in these patients usually has a midwall or subepicardial, patchy distribution [51]. Larger
areas of LGE, particularly with septal involvement, are associated with a higher risk of
major cardiovascular events at follow-up [51].

4.5. Sarcoidosis

Sarcoidosis is an inflammatory granulomatous disorder mainly affecting lungs and
lymph nodes but also other organs, including the heart, in isolated forms in 20–25% of
patients [52]. The clinical presentation is highly variable, ranging from asymptomatic to
life-threatening conditions, such as malignant ventricular arrhythmias, atrioventricular
blocks, or HF [52]. Early detection is crucial for effective management. Both the Heart
Rhythm Society and the European Association of Cardiovascular Imaging recommend
Fluorodeoxyglucose Positron Emission Tomography (FDG-PET) and CMR as key diagnostic
tools [53]. EMB alone has limited utility due to the focal nature of the disease [54], with a
sensitivity estimated at 20–30% when not guided by imaging. However, combining FDG-
PET with CMR, particularly with LGE, can help guide EMB, monitor treatment efficacy [55],
and assess the risk of malignant ventricular arrhythmias [56]. LGE is typically located
in the mid-wall or sub-epicardial regions of the basal lateral and septal walls but can
have also subendocardial and transmural distributions. A meta-analysis of 10 studies and
760 patients demonstrated that patients with cardiac sarcoidosis and LGE had increased
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odds of both all-cause mortality and arrhythmogenic events at follow-up [56]. CMR can
also identify inflammation via T2-weighted imaging, offering information about right
ventricular involvement, with both associated with worse clinical outcomes [57].

4.6. COVID-19 Infection

Cardiac injury has been observed in 7–40% of COVID-19 patients [58], and its presence
is linked to poor outcomes. Various mechanisms of cardiac injury have been identified in
this context, such as active myocarditis mainly resulting from direct viral damage or a cy-
tokine storm, stress-related cardiomyopathy, endothelialitis, and myocardial ischemia [58].
A prospective multicenter study found that the incidence of myocarditis in COVID-19
patients with elevated cardiac troponin was relatively low at 6.7% [59], while myocardial
infarctions (particularly microinfarctions) represented the most common cause of cardiac
injury; the presence of LGE was also a strong predictor of poor cardiovascular outcomes
during follow-up [59]. Pericardial inflammation, with or without effusion, is another
common cause of chest pain and hospital admission in COVID-19 patients, with similar
diagnostic criteria and clinical management of other viral pericarditis [58].

4.7. Chagas Disease

Chagas disease secondary to Trypanosoma Cruzi infection is the leading cause of
HF-related death in Central and South America [60]. Cardiac involvement may present
as biventricular HF, remodeling, apical aneurysms, and arrhythmic events. LGE has been
described in 16–69% of patients with Chagas disease, depending on the stage of the disease,
and is more frequently located at apical and inferolateral segments [61]. The pattern is
mainly transmural and subendocardial but also mid-wall and subepicardial, and the LGE
extent is associated with the degree of LV dysfunction and the occurrence of ventricular
arrhythmias [62]. Similarly, the presence of myocardial edema unveiled in T2-weighted
CMR images correlates with the degree of ventricular dysfunction and identifies patients at
a higher risk of developing a more severe form of the disease [63].

4.8. Heart Transplant Rejection

Despite the advances in clinical and therapeutic management, survival after heart
transplantation remains significantly hampered by the risk of acute and/or chronic re-
jection, one of the main causes of morbidity and mortality along with coronary allograft
vasculopathy (CAV). Early allograft failure is the principal cause of death during the first
weeks after surgery and it manifests as severe biventricular dysfunction [64]. Acute rejec-
tion affects up to 40% of patients in the first year post-transplantation with presentation
ranging from no symptoms to acute HF [65]. The gold standard for diagnosing graft
rejection is EMB but, due to the focal nature of the disease, it could be a false negative in up
to 20% of patients [66]. CMR can guide EMB, and a multiparametric approach, including
T1 and T2 mapping, has shown high negative predictive value for graft rejection, resulting
in a significant reduction in EMB referrals [67]. A recent metanalysis demonstrated that
increased T2-mapping values are the single most reliable CMR predictor of rejection [68].
In contrast, LGE has lower specificity and performs poorly in this diagnostic setting [68].
Stress perfusion CMR is safe in post-transplantation patients and can help unveil perfusion
defects associated with CAV [69].

4.9. Hypertrophic Cardiomyopathy and Phenocopies

Malignant ventricular arrythmias and acute HF are potential life-threatening compli-
cations of hypertrophic cardiomyopathy (HCM) [70]. CMR is recommended for the initial
evaluation and risk stratification of patients with suspected cardiomyopathies [70,71]. In
fact, CMR is more accurate than echocardiography in assessing LV wall thickness and quan-
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tifying the LV mass [72], as well as in detecting LV apical aneurysms that complicate apical
HCM, with a sensitivity of 97% compared to 67% for non-contrast echocardiography [73].
LGE involving ≥15% of the LV mass is an established major risk factor for SCD [72] and,
among imaging variables, has demonstrated the highest prognostic value for SCD, all-
cause mortality, and cardiovascular mortality in HCM patients [74]. Emerging evidence
suggests that T1 mapping, alone or in combination with LGE, can also predict adverse
cardiac outcomes [10,75,76]. Right ventricular dysfunction is also an emerging indepen-
dent risk marker in HCM, whereas sole right ventricular hypertrophy is not [77]. CMR
tissue characterization can aid in the differential diagnosis of hypertrophic phenocopies
(Figures 2 and 3).
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Figure 2. Patient admitted with worsening shortness of breath and leg swelling. Cine images
demonstrated severe left ventricular hypertrophy with a maximum wall thickness of 22 mm. The
typical LGE appearance with difficulty in nulling the myocardium along with significantly increased
native T1-mapping (1176 ms) and ECV (48%) values were in keeping with the diagnosis of cardiac
amyloidosis. ECV: extracellular volume. LGE: late gadolinium enhancement.

This is important given that new specific disease-modifying therapies have shown
the potential to improve both the quality of life and prognosis of these patients [78,79]. In
Anderson Fabry disease, there are characteristic low T1-mapping values in the septum
and mid-wall LGE in the basal inferolateral segment [80]. Circumferential subendocardial
or transmural LGE patterns associated with difficulties in nulling the myocardium and
markedly elevated T1 mapping and ECV values are suggestive of cardiac involvement
in amyloidosis [81]. Finally, reduced T1-mapping values and T2* relaxation times are
indicative of cardiac iron overload [82].
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4.10. Dilated Cardiomyopathy and Phenocopies

Dilated cardiomyopathy (DCM) includes several conditions characterized by the im-
pairment of LV systolic function associated with progressive LV dilatation [83]. These
conditions can potentially evolve to end-stage HF and predispose the individual to malig-
nant arrhythmias [84]. In this scenario, CMR can differentiate ischemic from nonischemic
diseases, providing hints about the underlying genetic abnormalities [70]. The presence of
subepicardial LGE with a “ring like” pattern (LGE involving of at least three contiguous seg-
ments in the same short-axis slice) is in fact more frequently associated with desmoplakin
(DSP) and filamin C (FLNC) genes mutations and has a higher risk of heart transplantation,
SCD, and major ventricular arrhythmias [84,85]. Nevertheless, about one third of DCM
patients have LGE with a nonischemic distribution involving mainly the septum [85]. This
finding is a predictor of adverse events at follow-up, including all-cause mortality and
major arrhythmic events [86]. Interestingly, the association between LGE and SCD also
remains significant in patients with an LVEF above the threshold recommended by the
guidelines for ICD implantation (>35%) [86]. A combination of LGE with native T1 map-
ping and ECV has been recently demonstrated to be superior to only LGE and LVEF to
predict the SCD risk [87]. The importance of LGE has also been recently demonstrated in
the newly defined non-dilated LV cardiomyopathy phenotype; the presence of midwall
LGE is in fact a significant predictor of MAACE in this highly heterogenous group of
patients, aiding in risk stratification [88].

4.11. Cancer-Therapy-Related Cardiovascular Toxicity

Oncologic therapies are a well-known cause of cardiovascular toxicity [89]. The
definition of “cancer-therapy related cardiovascular toxicity (CTRCT)” encompasses a broad
spectrum of cardiovascular manifestations, such as new-onset HF, ventricular arrhythmias,
or myocarditis [89]. Immune-check-point-inhibitor (ICI)-related myocarditis, described
in about 1% of patients treated with these drugs, is a rare but serious CV complication
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that can present as cardiogenic shock with associated life-threatening arrhythmias [90].
In the uncomplicated case, this can be diagnosed using the CMR criteria described for
other forms of myocarditis [90]. LGE with a nonischemic distribution has been described
in up to 77% of patients with ICI-related myocarditis even in the presence of a normal
LVEF and has been associated with worse CV outcomes at follow-up [90]. Cases of TTS
have been reported with certain cancer therapies, including 5-fluorouracil, rituximab, and
capecitabine [91]. Furthermore, a history of malignancy is an established risk factor for
TTS. To identify CTRCT early, a serial imaging assessment is recommended as part of the
clinical follow-up; in this regard, the same imaging modality should be preferred during
follow-up, opting for radiation-free modalities [89].

4.12. Cardiac Masses

Cardiac masses are a rare but clinically relevant cause of HF and malignant ventricu-
lar arrhythmias due to mechanical obstruction, impaired valvular function, and cardiac
infiltration. Cardiac metastases are more frequent than malignant primary cardiac tu-
mors with pleural mesothelioma, melanoma, and lung adenocarcinoma representing the
most frequent remote primary tumors [92]. Among primary cardiac tumors, fibromas and
myxomas are the most frequent ones [93,94].

Sarcomas are the most common malignant primary cardiac tumor, followed by lym-
phomas and mesotheliomas [95]. They usually appear as isointense lesions on T1-weighted
images, with nodular areas of higher intensity in cases of angiosarcomas (“cauliflower
appearance”) [96]. The high cellularity and heterogeneous vascularization of malignant
tumors usually result in the non-homogeneous enhancement at LGE sequences due to a
necrotic core and T2 hyperintensity [96]. Right heart localization, local invasion, irregular
borders, sessile attachment, associated pericardial effusion, or multiple lesions involving
different cardiac chambers are all imaging red flags for malignancy [96]. Given the limited
temporal resolution, CMR is of little help in characterizing small and mobile masses, such as
vegetations and fibroelastomas, for which echocardiography remains the reference imaging
modality [97].

5. CMR in Guiding Interventions in Critically Ill Patients
CMR can guide electrophysiological procedures by detecting underlying causes of

heart block and malignant arrhythmias, stratifying the risk and optimizing procedural
outcomes [98].

5.1. Tachycardia Ablation Procedures

In acute scenarios, ablation procedures may be required to treat arrhythmic storms
that are unresponsive to medical therapy. By identifying the location and depth of arrhyth-
mic substrates [99], CMR can aid in ablation procedures and reduce their duration and
complexity, while increasing the likelihood of success. Both core scars (i.e., dense LGE
areas) and border-zone scars (i.e., the interface between normal myocardium and core
scar) have been identified as potential triggers of VT [100]. This can be distinguished by
CMR exploiting differences in the signal intensity on CMR imaging and used to recon-
struct colored 3D models to integrate with electroanatomical mapping [101]. Border-zone
channels, recently emerging as VT substrates, can be identified as corridors of the normal
myocardium connecting two areas of the normal myocardium located between two core
areas or a core area and a valve annulus [101]. CMR-guided-only procedures, without
any use of electoanatomical mapping, have also been tested in the research setting and
demonstrated potential in reducing procedural, fluoroscopy, and radiofrequency times [99].
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However, LGE imaging may have limitations in the acute setting, as it may overes-
timate the myocardial infarct size due to the concomitant presence of myocardial edema
(also bright in LGE sequences) in the peri-infarct region. Additionally, LGE-CMR presents
limitations to detect subtle or diffuse pathological processes [102]. The implementation
of T1-mapping techniques can help to address these limitations; despite being supported
by less evidence, parametric mapping has been used in the research setting for this pur-
pose [103].

5.2. CIED

In patients presenting with advanced AV blocks, CMR can investigate the presence of
underlying cardiomyopathies [70]. LGE quantification is also key to improving arrhythmic
risk stratification [104]. A primary prevention implantable cardioverter defibrillator (ICD)
is the key therapy for SCD prevention and is currently recommended based on two main
parameters: New York Heart Association class and LVEF <35% [105]. However, current risk-
stratification strategies proved to be not sufficient to accurately identify patients at a higher
risk of SCD, as only 1 in 5 patients receive appropriate ICD shocks over 5 years in major
HF trials [106]. The presence and extent of LGE was demonstrated to predict arrhythmic
outcomes in several clinical settings, both ischemic and non-ischemic [107,108]. The most
recent European guidelines on cardiomyopathies therefore recommend to also consider
primary-prevention ICD implantation in patients with LVEF >35% when additional risk
factors are present, including significant LGE in the presence (class IIa, level of evidence C)
or absence of high-risk genotype (class IIb, level of evidence C) [81]. An LGE evaluation may
also be useful to guide resynchronization therapy; the absence of LGE in the inferolateral
wall predicts a good clinical response to cardiac resynchronization therapy (CRT) [109],
while pacing over LV inferolateral scars, particularly if large and transmural, is associated
with a poor response and increased arrhythmic risk [110]. CMR can, therefore, identify
patients who may benefit most from CRT implantation and may have a role in guiding LV
lead deployment away from the scarred myocardium [110].

6. Other Potential CMR Applications in Critically Ill Patients
6.1. Acute Aortic Syndromes

Acute aortic syndrome (AAS) refers to a group of life-threatening aortic diseases char-
acterized by sudden-onset chest or back pain, potentially leading to severe complications if
not promptly diagnosed and treated. This includes aortic dissection, intramural hematoma,
and penetrating atheromatous ulcers, with CT being the first-choice imaging modality in
cases of AAS suspicion. CMR has longer acquisition times and lower spatial resolution and
is not widely used in clinical practice for this purpose unless CT is contraindicated or a
radiation-free modality is preferred as part of the serial follow-up assessment. In the case
of aortic dissection, CMR can visualize and quantify flows in both the true and false lumen,
with the latter typically having a larger diameter and a slower flow [111]. An aortic intra-
mural hematoma (AIH) can appear as a thickened aortic wall with signal characteristics
typically related to hemoglobin-degradation products; the signal is usually isointense on
T1-weighted and hyperintense on T2-weighted images in the acute phase [112]; the signal
then becomes hyperintense in both T1- and T2- weighted images in the subacute phase due
to the change from oxyhemoglobin to methemoglobin [111]. A mural thrombus, which
is often difficult to distinguish from AIH, appears instead as hypointense or isointense in
both T1-weighted and T2-weighted sequences [111]. Penetrating aortic ulcers occur when
atherosclerotic plaques disrupt the intima, appearing as a contrast-filled outpouching of
the lumen that can evolve into AIH, aortic dissection, or aortic rupture. Aortitis, which
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may be misdiagnosed as AIH, appears as a homogeneous circumferential thickening of the
aortic wall, hyperintense in T2-weighted imaging [113].

6.2. Cardiac Traumas

Blunt cardiac injury that can occur during chest traumas is a rare cause of malignant
arrhythmias and cardiac rupture. The clinical management of these patients is challeng-
ing due to the absence of a gold-standard diagnostic test. A recent pilot trial enrolling
42 patients with suspected blunt cardiac injury showed that sensitivity and specificity
values for CMR in predicting MACE were 60% and 81%, respectively. [114].

6.3. Valvular Heart Disease

Echocardiography is the first imaging modality used to assess the presence and
degree of valvular heart disease. CMR can provide the accurate quantification of regurgita-
tions [115,116], often challenging at the multiparametric echocardiographic evaluation, and
for the risk stratification of malignant ventricular arrhythmias in patients with mitral valve
prolapse [117]. In the latter condition, CMR can comprehensively evaluate the risk factors
associated with arrhythmias, including mitral annulus disjunction and LGE [118,119]. Due
to longer CMR acquisition times along with the need for patient compliance, echocardio-
graphy remains the preferred modality to evaluate valvular disease in the acute setting,
both for its faster execution and for its wider availability [1].

7. Limitations and Contraindications
A careful clinical evaluation of critically ill patients is essential before proceeding

with CMR; the limited cooperation with breath-holding or the inability to remain still can
severely compromise the image quality. Moreover, the relatively long duration of the exam
may pose significant clinical risk for unstable patients. Personnel fully trained in advanced
cardiovascular and respiratory support, as well as resuscitation equipment, should be
readily available near the scanner room, with the mandatory continuous monitoring of vital
parameters throughout the study. MRI facilities are commonly equipped with piped-in
oxygen, and, when required, nasal administration is possible during the scan. MRI-safe
infusion pumps also allow for continuous drug infusion in patients under intensive i.v.
treatment. CMR is instead contraindicated in patients with non-MRI-conditional cardiac
devices, including hemodynamic support devices (i.e., intra-aortic balloon pump; impella
device; veno-arterial extracorporeal membrane oxygenation; left and right ventricular assist
devices), MRI-conditional CIEDs implanted <6 weeks, and abandoned and epicardial leads.

The use of GBCA can occasionally cause allergic reactions [120] or, very rarely, lead
to nephrogenic systemic fibrosis in patients with acutely impaired renal functions [121].
To mitigate these risks, GBCA should be used at the lowest effective dose in patients with
significant renal impairment [122].

The cost-effectiveness of CMR in the acute setting may appear as a limitation, but the
few available data suggest that the routine use of CMR in acute myocardial infarction with
normal coronary angiography is associated with a reduction in costs in the medium to long
term, due to a more personalized and higher quality of care over time that offsets the initial
higher cost of the exam [123]. The availability of a dedicated CMR slot, along with the issue
in ensuring safety in the transfer of critically ill patients to a CMR facility, particularly if
requiring continuous monitoring or mechanical support, poses other significant challenges
to the wider adoption of the modality.
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8. Conclusions
CMR has shown remarkable potential in diagnosing and managing patients in inten-

sive and acute cardiovascular care settings. Its ability to deliver non-invasive, accurate
myocardial tissue characterization, combined with volumetric and functional assessments,
positions it as an essential tool for diagnosis, prognosis, and therapeutic decision-making
across a range of acute cardiovascular conditions (Figure 4). While challenges related to
patient stability, MRI compatibility of therapeutic equipment, and adequate image quality
in the presence of arrhythmias or non-cooperative patients remain, advancements in tech-
nology and methodology are enhancing its feasibility and use even in the intensive and
acute care setting.
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EGE Early gadolinium enhancement
EMB Endomyocardial biopsy
FDG-PET Fluorodeoxyglucose Positron Emission Tomography
GBCA Gadolinium-based contrast agents
HCM Hypertrophic cardiomyopathy
HF Heart failure
ICD Implantable cardioverter defibrillator
ICU Intensive care unit
IMH Intramyocardial hemorrhage
MACE Major adverse cardiovascular event
MI Myocardial infarction
MRI Magnetic resonance imaging
LGE Late gadolinium enhancement
LV Left ventricle
LVEF Left ventricular ejection fraction
MINOCA Myocardial infarction with nonobstructive coronary arteries
MVO Microvascular obstruction
STEMI ST-elevation myocardial infarction
SCD Sudden cardiac death
TTS Takotsubo syndrome

References
1. Lancellotti, P.; Price, S.; Edvardsen, T.; Cosyns, B.; Neskovic, A.N.; Dulgheru, R.; Flachskampf, F.A.; Hassager, C.; Pasquet, A.;

Gargani, L.; et al. The use of echocardiography in acute cardiovascular care: Recommendations of the European Association of
Cardiovascular Imaging and the Acute Cardiovascular Care Association. Eur. Heart J. Acute Cardiovasc. Care 2015, 2, 119–146.
[CrossRef]

2. Dweck, M.R.; Williams, M.C.; Moss, A.J.; Newby, D.E.; Fayad, Z.A. Computed Tomography and Cardiac Magnetic Resonance in
Ischemic Heart Disease. J. Am. Coll. Cardiol. 2016, 68, 2201–2216. [CrossRef] [PubMed]

3. Cooper, L.T.; Baughman, K.L.; Feldman, A.M.; Frustaci, A.; Jessup, M.; Kuhl, U.; Levine, G.N.; Narula, J.; Starling, R.C.; Towbin, J.;
et al. The role of endomyocardial biopsy in the management of cardiovascular disease: A scientific statement from the American
Heart Association, the American College of Cardiology, and the European Society of Cardiology. Circulation 2007, 116, 2216–2233.
[CrossRef] [PubMed]

4. Leo, I.; Nakou, E.; de Marvao, A.; Wong, J.; Bucciarelli-Ducci, C. Imaging in Women with Heart Failure: Sex-specific Characteristics
and Current Challenges. Card. Fail. Rev. 2022, 8, e29. [CrossRef] [PubMed]

5. Rotello, L.C.; Radin, E.J.; Jastremski, M.S.; Craner, D.; Milewski, A. MRI protocol for critically ill patients. Am. J. Crit. Care Off.
Publ. Am. Assoc. Crit. Care Nurses 1994, 3, 187–190. [CrossRef]

6. 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] [PubMed]

7. Menacho, K.; Ramirez, S.; Segura, P.; Nordin, S.; Abdel-Gadir, A.; Illatopa, V.; Bhuva, A.; Benedetti, G.; Boubertakh, R.; Abad, P.;
et al. INCA (Peru) Study: Impact of Non-Invasive Cardiac Magnetic Resonance Assessment in the Developing World. J. Am.
Heart Assoc. 2018, 7, e008981. [CrossRef]

8. Liang, K.; Nakou, E.; De Garate, E.; Williams, M.; Lawton, C.; Bucciarelli-Ducci, C. Implementation of Rapid CMR Protocol in the
COVID-19 era: Improving scanning efficiency and increasing scanning capacity. Eur. Heart J. Cardiovasc. Imaging 2021, 22 (Suppl.
2), jeab090.012. [CrossRef]

9. Torlasco, C.; Castelletti, S.; Soranna, D.; Volpato, V.; Figliozzi, S.; Menacho, K.; Cernigliaro, F.; Zambon, A.; Kellman, P.; Moon, J.C.;
et al. Effective Study: Development and Application of a Question-Driven, Time-Effective Cardiac Magnetic Resonance Scanning
Protocol. J. Am. Heart Assoc. 2022, 11, e022605. [CrossRef]

10. Lo Monaco, M.; Stankowski, K.; Figliozzi, S.; Nicoli, F.; Scialo, V.; Gad, A.; Lisi, C.; Marchini, F.; Dellino, C.M.; Mollace, R.; et al.
Multiparametric Mapping via Cardiovascular Magnetic Resonance in the Risk Stratification of Ventricular Arrhythmias and
Sudden Cardiac Death. Medicina 2024, 60, 691. [CrossRef]

11. Haaf, P.; Garg, P.; Messroghli, D.R.; Broadbent, D.A.; Greenwood, J.P.; Plein, S. Cardiac T1 Mapping and Extracellular Volume
(ECV) in clinical practice: A comprehensive review. J. Cardiovasc. Magn. Reson. 2016, 18, 89. [CrossRef]

https://doi.org/10.1177/2048872614549739
https://doi.org/10.1016/j.jacc.2016.08.047
https://www.ncbi.nlm.nih.gov/pubmed/27855810
https://doi.org/10.1161/CIRCULATIONAHA.107.186093
https://www.ncbi.nlm.nih.gov/pubmed/17959655
https://doi.org/10.15420/cfr.2022.17
https://www.ncbi.nlm.nih.gov/pubmed/36303591
https://doi.org/10.4037/ajcc1994.3.3.187
https://doi.org/10.1186/s12968-020-00607-1
https://www.ncbi.nlm.nih.gov/pubmed/32089132
https://doi.org/10.1161/JAHA.118.008981
https://doi.org/10.1093/ehjci/jeab090.012
https://doi.org/10.1161/JAHA.121.022605
https://doi.org/10.3390/medicina60050691
https://doi.org/10.1186/s12968-016-0308-4


J. Clin. Med. 2025, 14, 1112 16 of 21

12. Anderson, L.J.; Holden, S.; Davis, B.; Prescott, E.; Charrier, C.C.; Bunce, N.H.; Firmin, D.N.; Wonke, B.; Porter, J.; Walker, J.M.;
et al. Cardiovascular T2-star (T2 *) magnetic resonance for the early diagnosis of myocardial iron overload. Eur. Heart J. 2001, 22,
2171–2179. [CrossRef]

13. Treibel, T.A.; Fontana, M.; Maestrini, V.; Castelletti, S.; Rosmini, S.; Simpson, J.; Nasis, A.; Bhuva, A.N.; Bulluck, H.; Abdel-Gadir,
A.; et al. Automatic Measurement of the Myocardial Interstitium: Synthetic Extracellular Volume Quantification Without
Hematocrit Sampling. JACC. Cardiovasc. Imaging 2016, 9, 54–63. [CrossRef]

14. Backhaus, S.J.; Metschies, G.; Billing, M.; Schmidt-Rimpler, J.; Kowallick, J.T.; Gertz, R.J.; Lapinskas, T.; Pieske-Kraigher, E.; Pieske,
B.; Lotz, J.; et al. Defining the optimal temporal and spatial resolution for cardiovascular magnetic resonance imaging feature
tracking. J. Cardiovasc. Magn. Reson. 2021, 23, 60. [CrossRef]

15. Nayak, K.S.; Nielsen, J.F.; Bernstein, M.A.; Markl, M.; Gatehouse, P.D.; Botnar, R.M.; Saloner, D.; Lorenz, C.; Wen, H.; Hu, B.S.;
et al. Cardiovascular magnetic resonance phase contrast imaging. J. Cardiovasc. Magn. Reson. 2015, 17, 71. [CrossRef] [PubMed]

16. Leo, I.; Nakou, E.; Artico, J.; Androulakis, E.; Wong, J.; Moon, J.C.; Indolfi, C.; Bucciarelli-Ducci, C. Strengths and weaknesses of
alternative noninvasive imaging approaches for microvascular ischemia. J. Nucl. Cardiol. Off. Publ. Am. Soc. Nucl. Cardiol. 2023,
30, 227–238. [CrossRef]

17. Kozerke, S.; Plein, S. Accelerated CMR using zonal, parallel and prior knowledge driven imaging methods. J. Cardiovasc. Magn.
Reson. 2008, 10, 29. [CrossRef] [PubMed]

18. Kellman, P.; Arai, A.E. Cardiac imaging techniques for physicians: Late enhancement. J. Magn. Reson. Imaging 2012, 36, 529–542.
[CrossRef]

19. Rashid, S.; Rapacchi, S.; Vaseghi, M.; Tung, R.; Shivkumar, K.; Finn, J.P.; Hu, P. Improved late gadolinium enhancement MR
imaging for patients with implanted cardiac devices. Radiology 2014, 270, 269–274. [CrossRef] [PubMed]

20. Kim, D.; Collins, J.D.; White, J.A.; Hanneman, K.; Lee, D.C.; Patel, A.R.; Hu, P.; Litt, H.; Weinsaft, J.W.; Davids, R.; et al. SCMR
expert consensus statement for cardiovascular magnetic resonance of patients with a cardiac implantable electronic device. J.
Cardiovasc. Magn. Reson. 2024, 26, 100995. [CrossRef] [PubMed]

21. Harjola, V.P.; Parissis, J.; Bauersachs, J.; Brunner-La Rocca, H.P.; Bueno, H.; Celutkiene, J.; Chioncel, O.; Coats, A.J.S.; Collins, S.P.;
de Boer, R.A.; et al. Acute coronary syndromes and acute heart failure: A diagnostic dilemma and high-risk combination. A
statement from the Acute Heart Failure Committee of the Heart Failure Association of the European Society of Cardiology. Eur. J.
Heart Fail. 2020, 22, 1298–1314. [CrossRef]

22. Perera, D.; Ryan, M.; Morgan, H.P.; Greenwood, J.P.; Petrie, M.C.; Dodd, M.; Weerackody, R.; O’Kane, P.D.; Masci, P.G.; Nazir, M.S.;
et al. Viability and Outcomes With Revascularization or Medical Therapy in Ischemic Ventricular Dysfunction: A Prespecified
Secondary Analysis of the REVIVED-BCIS2 Trial. JAMA Cardiol. 2023, 8, 1154–1161. [CrossRef] [PubMed]

23. Schwitter, J.; Arai, A.E. Assessment of cardiac ischaemia and viability: Role of cardiovascular magnetic resonance. Eur. Heart J.
2011, 32, 799–809. [CrossRef]

24. Symons, R.; Pontone, G.; Schwitter, J.; Francone, M.; Iglesias, J.F.; Barison, A.; Zalewski, J.; de Luca, L.; Degrauwe, S.; Claus, P.;
et al. Long-Term Incremental Prognostic Value of Cardiovascular Magnetic Resonance After ST-Segment Elevation Myocardial
Infarction: A Study of the Collaborative Registry on CMR in STEMI. JACC. Cardiovasc. Imaging 2018, 11, 813–825. [CrossRef]

25. Bulluck, H.; Chan, M.H.H.; Paradies, V.; Yellon, R.L.; Ho, H.H.; Chan, M.Y.; Chin, C.W.L.; Tan, J.W.; Hausenloy, D.J. Incidence and
predictors of left ventricular thrombus by cardiovascular magnetic resonance in acute ST-segment elevation myocardial infarction
treated by primary percutaneous coronary intervention: A meta-analysis. J. Cardiovasc. Magn. Reson. 2018, 20, 72. [CrossRef]

26. Berry, C.; Ibanez, B. Intramyocardial Hemorrhage: The Final Frontier for Preventing Heart Failure Post-Myocardial Infarction. J.
Am. Coll. Cardiol. 2022, 79, 49–51. [CrossRef]

27. Weinsaft, J.W.; Kim, H.W.; Shah, D.J.; Klem, I.; Crowley, A.L.; Brosnan, R.; James, O.G.; Patel, M.R.; Heitner, J.; Parker, M.; et al.
Detection of left ventricular thrombus by delayed-enhancement cardiovascular magnetic resonance prevalence and markers in
patients with systolic dysfunction. J. Am. Coll. Cardiol. 2008, 52, 148–157. [CrossRef]

28. 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. [CrossRef]

29. Kim, H.W.; Farzaneh-Far, A.; Kim, R.J. Cardiovascular Magnetic Resonance in Patients With Myocardial Infarction. J. Am. Coll.
Cardiol. 2009, 55, 1–16. [CrossRef]

30. Aletras, A.H.; Tilak, G.S.; Natanzon, A.; Hsu, L.Y.; Gonzalez, F.M.; Hoyt, R.F., Jr.; Arai, A.E. Retrospective determination of the
area at risk for reperfused acute myocardial infarction with T2-weighted cardiac magnetic resonance imaging: Histopathological
and displacement encoding with stimulated echoes (DENSE) functional validations. Circulation 2006, 113, 1865–1870. [CrossRef]
[PubMed]

31. Leo, I.; Bisaccia, G.; Miaris, N.; Procopio, M.C.; Licordari, R.; Bucciarelli-Ducci, C. Imaging patients with myocardial infarction
with non-obstructive coronary arteries (MINOCA). Heart 2024, 110, 209–217. [CrossRef] [PubMed]

https://doi.org/10.1053/euhj.2001.2822
https://doi.org/10.1016/j.jcmg.2015.11.008
https://doi.org/10.1186/s12968-021-00740-5
https://doi.org/10.1186/s12968-015-0172-7
https://www.ncbi.nlm.nih.gov/pubmed/26254979
https://doi.org/10.1007/s12350-022-03066-6
https://doi.org/10.1186/1532-429X-10-29
https://www.ncbi.nlm.nih.gov/pubmed/18534005
https://doi.org/10.1002/jmri.23605
https://doi.org/10.1148/radiol.13130942
https://www.ncbi.nlm.nih.gov/pubmed/24086074
https://doi.org/10.1016/j.jocmr.2024.100995
https://www.ncbi.nlm.nih.gov/pubmed/38219955
https://doi.org/10.1002/ejhf.1831
https://doi.org/10.1001/jamacardio.2023.3803
https://www.ncbi.nlm.nih.gov/pubmed/37878295
https://doi.org/10.1093/eurheartj/ehq481
https://doi.org/10.1016/j.jcmg.2017.05.023
https://doi.org/10.1186/s12968-018-0494-3
https://doi.org/10.1016/j.jacc.2021.11.002
https://doi.org/10.1016/j.jacc.2008.03.041
https://doi.org/10.1161/CIR.0000000000000670
https://doi.org/10.1016/j.jacc.2009.06.059
https://doi.org/10.1161/CIRCULATIONAHA.105.576025
https://www.ncbi.nlm.nih.gov/pubmed/16606793
https://doi.org/10.1136/heartjnl-2023-322835
https://www.ncbi.nlm.nih.gov/pubmed/37433660


J. Clin. Med. 2025, 14, 1112 17 of 21

32. Byrne, R.A.; Rossello, X.; Coughlan, J.J.; Barbato, E.; Berry, C.; Chieffo, A.; Claeys, M.J.; Dan, G.-A.; Dweck, M.R.; Galbraith, M.;
et al. 2023 ESC Guidelines for the management of acute coronary syndromes: Developed by the task force on the management of
acute coronary syndromes of the European Society of Cardiology (ESC). Eur. Heart J. 2023, 44, 3720–3826. [CrossRef]

33. Williams, M.G.L.; Liang, K.; Garate, E.D.; Spagnoli, L.; Fiori, E.; Dastidar, A.; Benedetto, U.; Biglino, G.; Johnson, T.W.; Luscher, T.;
et al. Peak Troponin and CMR to Guide Management in Suspected ACS and Nonobstructive Coronary Arteries. Eur. Heart J. 2022,
15, 1578–1587. [CrossRef]

34. Liang, K.; Bisaccia, G.; Leo, I.; Williams, M.G.L.; Dastidar, A.; Strange, J.W.; Sammut, E.; Johnson, T.W.; Bucciarelli-Ducci, C. CMR
reclassifies the majority of patients with suspected MINOCA and non MINOCA. Eur. Heart J. Cardiovasc. Imaging 2023, 25, 8–15.
[CrossRef]

35. Sharkey, S.W.; Windenburg, D.C.; Lesser, J.R.; Maron, M.S.; Hauser, R.G.; Lesser, J.N.; Haas, T.S.; Hodges, J.S.; Maron, B.J. Natural
history and expansive clinical profile of stress (tako-tsubo) cardiomyopathy. J. Am. Coll. Cardiol. 2010, 55, 333–341. [CrossRef]
[PubMed]

36. Schweiger, V.; Cammann, V.L.; Crisci, G.; Gilhofer, T.; Schlenker, R.; Niederseer, D.; Chen, S.; Ebrahimi, R.; Wenzl, F.; Wurdinger,
M.; et al. Temporal Trends in Takotsubo Syndrome: Results From the International Takotsubo Registry. J. Am. Coll. Cardiol. 2024,
84, 1178–1189. [CrossRef] [PubMed]

37. Knuuti, J.; Ballo, H.; Juarez-Orozco, L.E.; Saraste, A.; Kolh, P.; Rutjes, A.W.S.; Jüni, P.; Windecker, S.; Bax, J.J.; Wijns, W. The
performance of non-invasive tests to rule-in and rule-out significant coronary artery stenosis in patients with stable angina: A
meta-analysis focused on post-test disease probability. Eur. Heart J. 2018, 39, 3322–3330. [CrossRef]

38. Eitel, I.; von Knobelsdorff-Brenkenhoff, F.; Bernhardt, P.; Carbone, I.; Muellerleile, K.; Aldrovandi, A.; Francone, M.; Desch, S.;
Gutberlet, M.; Strohm, O.; et al. Clinical characteristics and cardiovascular magnetic resonance findings in stress (takotsubo)
cardiomyopathy. JAMA 2011, 306, 277–286. [CrossRef]

39. Citro, R.; Okura, H.; Ghadri, J.R.; Izumi, C.; Meimoun, P.; Izumo, M.; Dawson, D.; Kaji, S.; Eitel, I.; Kagiyama, N.; et al.
Multimodality imaging in takotsubo syndrome: A joint consensus document of the European Association of Cardiovascular
Imaging (EACVI) and the Japanese Society of Echocardiography (JSE). Eur. Heart J. Cardiovasc. Imaging 2020, 21, 1184–1207.
[CrossRef]

40. Adler, Y.; Charron, P. The 2015 ESC Guidelines on the diagnosis and management of pericardial diseases. Eur. Heart J. 2015, 36,
2873–2874. [CrossRef]

41. Voigt, J.U.; Pedrizzetti, G.; Lysyansky, P.; Marwick, T.H.; Houle, H.; Baumann, R.; Pedri, S.; Ito, Y.; Abe, Y.; Metz, S.; et al.
Definitions for a common standard for 2D speckle tracking echocardiography: Consensus document of the EACVI/ASE/Industry
Task Force to standardize deformation imaging. Eur. Heart J. Cardiovasc. Imaging 2015, 16, 1–11. [CrossRef]

42. Bogaert, J.; Francone, M. Cardiovascular magnetic resonance in pericardial diseases. J. Cardiovasc. Magn. Reson. 2009, 11, 14.
[CrossRef]

43. Talreja, D.R.; Edwards, W.D.; Danielson, G.K.; Schaff, H.V.; Tajik, A.J.; Tazelaar, H.D.; Breen, J.F.; Oh, J.K. Constrictive pericarditis
in 26 patients with histologically normal pericardial thickness. Circulation 2003, 108, 1852–1857. [CrossRef] [PubMed]

44. 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. [CrossRef]

45. Papadakis, M.; Raju, H.; Behr, E.R.; De Noronha, S.V.; Spath, N.; Kouloubinis, A.; Sheppard, M.N.; Sharma, S. Sudden cardiac
death with autopsy findings of uncertain significance: Potential for erroneous interpretation. Circ. Arrhythm. Electrophysiol 2013, 6,
588–596. [CrossRef]

46. Venkataraman, S.; Bhardwaj, A.; Belford, P.M.; Morris, B.N.; Zhao, D.X.; Vallabhajosyula, S. Veno-Arterial Extracorporeal
Membrane Oxygenation in Patients with Fulminant Myocarditis: A Review of Contemporary Literature. Medicina 2022, 58, 215.
[CrossRef]

47. Kociol, R.D.; Cooper, L.T.; Fang, J.C.; Moslehi, J.J.; Pang, P.S.; Sabe, M.A.; Shah, R.V.; Sims, D.B.; Thiene, G.; Vardeny, O.; et al.
Recognition and Initial Management of Fulminant Myocarditis: A Scientific Statement From the American Heart Association.
Circulation 2020, 141, e69–e92. [CrossRef] [PubMed]

48. Garza, M.A.; Wason, E.A.; Zhang, J.Q. Cardiac remodeling and physical training post myocardial infarction. World J. Cardiol.
2015, 7, 52–64. [CrossRef]

49. Georgiopoulos, G.; Figliozzi, S.; Sanguineti, F.; Aquaro, G.D.; di Bella, G.; Stamatelopoulos, K.; Chiribiri, A.; Garot, J.; Masci,
P.G.; Ismail, T.F. Prognostic Impact of Late Gadolinium Enhancement by Cardiovascular Magnetic Resonance in Myocarditis: A
Systematic Review and Meta-Analysis. Circ. Cardiovasc. Imaging 2021, 14, e011492. [CrossRef] [PubMed]

50. Ferreira, V.M.; Schulz-Menger, J.; Holmvang, G.; Kramer, C.M.; Carbone, I.; Sechtem, U.; Kindermann, I.; Gutberlet, M.; Cooper,
L.T.; Liu, P.; et al. Cardiovascular Magnetic Resonance in Nonischemic Myocardial Inflammation: Expert Recommendations. J.
Am. Coll. Cardiol. 2018, 72, 3158–3176. [CrossRef] [PubMed]

https://doi.org/10.1093/eurheartj/ehad191
https://doi.org/10.1016/j.jcmg.2022.03.017
https://doi.org/10.1093/ehjci/jead182
https://doi.org/10.1016/j.jacc.2009.08.057
https://www.ncbi.nlm.nih.gov/pubmed/20117439
https://doi.org/10.1016/j.jacc.2024.05.076
https://www.ncbi.nlm.nih.gov/pubmed/39217551
https://doi.org/10.1093/eurheartj/ehy267
https://doi.org/10.1001/jama.2011.992
https://doi.org/10.1093/ehjci/jeaa149
https://doi.org/10.1093/eurheartj/ehv318
https://doi.org/10.1093/ehjci/jeu184
https://doi.org/10.1186/1532-429X-11-14
https://doi.org/10.1161/01.CIR.0000087606.18453.FD
https://www.ncbi.nlm.nih.gov/pubmed/14517161
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007405
https://doi.org/10.1161/CIRCEP.113.000111
https://doi.org/10.3390/medicina58020215
https://doi.org/10.1161/CIR.0000000000000745
https://www.ncbi.nlm.nih.gov/pubmed/31902242
https://doi.org/10.4330/wjc.v7.i2.52
https://doi.org/10.1161/CIRCIMAGING.120.011492
https://www.ncbi.nlm.nih.gov/pubmed/33441003
https://doi.org/10.1016/j.jacc.2018.09.072
https://www.ncbi.nlm.nih.gov/pubmed/30545455


J. Clin. Med. 2025, 14, 1112 18 of 21

51. Satoh, H.; Sano, M.; Suwa, K.; Saitoh, T.; Nobuhara, M.; Saotome, M.; Urushida, T.; Katoh, H.; Hayashi, H. Distribution of
late gadolinium enhancement in various types of cardiomyopathies: Significance in differential diagnosis, clinical features and
prognosis. World J. Cardiol. 2014, 6, 585–601. [CrossRef] [PubMed]

52. Tan, J.L.; Fong, H.K.; Birati, E.Y.; Han, Y. Cardiac Sarcoidosis. Am. J. Cardiol. 2019, 123, 513–522. [CrossRef] [PubMed]
53. Birnie, D.H.; Sauer, W.H.; Bogun, F.; Cooper, J.M.; Culver, D.A.; Duvernoy, C.S.; Judson, M.A.; Kron, J.; Mehta, D.; Cosedis

Nielsen, J.; et al. HRS expert consensus statement on the diagnosis and management of arrhythmias associated with cardiac
sarcoidosis. Heart Rhythm. 2014, 11, 1305–1323. [CrossRef]

54. Uemura, A.; Morimoto, S.; Hiramitsu, S.; Kato, Y.; Ito, T.; Hishida, H. Histologic diagnostic rate of cardiac sarcoidosis: Evaluation
of endomyocardial biopsies. Am. Heart J. 1999, 138, 299–302. [CrossRef] [PubMed]

55. Shimada, T.; Shimada, K.; Sakane, T.; Ochiai, K.; Tsukihashi, H.; Fukui, M.; Inoue, S.; Katoh, H.; Murakami, Y.; Ishibashi, Y.;
et al. Diagnosis of cardiac sarcoidosis and evaluation of the effects of steroid therapy by gadolinium-DTPA-enhanced magnetic
resonance imaging. Am. J. Med. 2001, 110, 520–527. [CrossRef] [PubMed]

56. Coleman, G.C.; Shaw, P.W.; Balfour, P.C., Jr.; Gonzalez, J.A.; Kramer, C.M.; Patel, A.R.; Salerno, M. Prognostic Value of Myocardial
Scarring on CMR in Patients With Cardiac Sarcoidosis. JACC. Cardiovasc. Imaging 2017, 10, 411–420. [CrossRef] [PubMed]

57. Patel, M.R.; Cawley, P.J.; Heitner, J.F.; Klem, I.; Parker, M.A.; Jaroudi, W.A.; Meine, T.J.; White, J.B.; Elliott, M.D.; Kim, H.W.; et al.
Detection of myocardial damage in patients with sarcoidosis. Circulation 2009, 120, 1969–1977. [CrossRef] [PubMed]

58. Cosyns, B.; Lochy, S.; Luchian, M.L.; Gimelli, A.; Pontone, G.; Allard, S.D.; de Mey, J.; Rosseel, P.; Dweck, M.; Petersen, S.E.; et al.
The role of cardiovascular imaging for myocardial injury in hospitalized COVID-19 patients. Eur. Heart J. Cardiovasc. Imaging
2020, 21, 709–714. [CrossRef]

59. Artico, J.; Shiwani, H.; Moon, J.C.; Gorecka, M.; McCann, G.P.; Roditi, G.; Morrow, A.; Mangion, K.; Lukaschuk, E.; Shan-
muganathan, M.; et al. Myocardial Involvement After Hospitalization for COVID-19 Complicated by Troponin Elevation: A
Prospective, Multicenter, Observational Study. Circulation 2023, 147, 364–374. [CrossRef]

60. Coura, J.R.; Vinas, P.A. Chagas disease: A new worldwide challenge. Nature 2010, 465, S6–S7. [CrossRef] [PubMed]
61. Torreao, J.A.; Ianni, B.M.; Mady, C.; Naia, E.; Rassi, C.H.; Nomura, C.; Parga, J.R.; Avila, L.F.; Ramires, J.A.; Kalil-Filho, R.; et al.

Myocardial tissue characterization in Chagas’ heart disease by cardiovascular magnetic resonance. J. Cardiovasc. Magn. Reson.
2015, 17, 97. [CrossRef] [PubMed]

62. Nunes, M.C.P.; Badano, L.P.; Marin-Neto, J.A.; Edvardsen, T.; Fernandez-Golfin, C.; Bucciarelli-Ducci, C.; Popescu, B.A.;
Underwood, R.; Habib, G.; Zamorano, J.L.; et al. Multimodality imaging evaluation of Chagas disease: An expert consensus of
Brazilian Cardiovascular Imaging Department (DIC) and the European Association of Cardiovascular Imaging (EACVI). Eur.
Heart J. Cardiovasc. Imaging 2018, 19, 459–460n. [CrossRef] [PubMed]

63. Rochitte, C.E.; Oliveira, P.F.; Andrade, J.M.; Ianni, B.M.; Parga, J.R.; Avila, L.F.; Kalil-Filho, R.; Mady, C.; Meneghetti, J.C.; Lima,
J.A.; et al. Myocardial delayed enhancement by magnetic resonance imaging in patients with Chagas’ disease: A marker of
disease severity. J. Am. Coll. Cardiol. 2005, 46, 1553–1558. [CrossRef] [PubMed]

64. Velleca, A.; Shullo, M.A.; Dhital, K.; Azeka, E.; Colvin, M.; DePasquale, E.; Farrero, M.; Garcia-Guereta, L.; Jamero, G.; Khush, K.;
et al. WITHDRAWN: Executive Summary—The International Society for Heart and Lung Transplantation (ISHLT) guidelines for
the care of heart transplant recipients. J. Heart Lung Transplant. 2023, 42, e1–e141. [CrossRef] [PubMed]

65. Chambers, D.C.; Cherikh, W.S.; Harhay, M.O.; Hayes, D., Jr.; Hsich, E.; Khush, K.K.; Meiser, B.; Potena, L.; Rossano, J.W.; Toll,
A.E.; et al. The International Thoracic Organ Transplant Registry of the International Society for Heart and Lung Transplantation:
Thirty-sixth adult lung and heart-lung transplantation Report-2019; Focus theme: Donor and recipient size match. J. Heart Lung
Transplant. 2019, 38, 1042–1055. [CrossRef] [PubMed]

66. Costanzo, M.R.; Dipchand, A.; Starling, R.; Anderson, A.; Chan, M.; Desai, S.; Fedson, S.; Fisher, P.; Gonzales-Stawinski, G.;
Martinelli, L.; et al. The International Society of Heart and Lung Transplantation Guidelines for the care of heart transplant
recipients. J. Heart Lung Transplant. 2010, 29, 914–956. [CrossRef]

67. Marie, P.Y.; Angioï, M.; Carteaux, J.P.; Escanye, J.M.; Mattei, S.; Tzvetanov, K.; Claudon, O.; Hassan, N.; Danchin, N.; Karcher, G.;
et al. Detection and prediction of acute heart transplant rejection with the myocardial T2 determination provided by a black-blood
magnetic resonance imaging sequence. J. Am. Coll. Cardiol. 2001, 37, 825–831. [CrossRef] [PubMed]

68. Han, D.; Miller, R.J.H.; Otaki, Y.; Gransar, H.; Kransdorf, E.; Hamilton, M.; Kittelson, M.; Patel, J.; Kobashigawa, J.A.; Thomson,
L.; et al. Diagnostic Accuracy of Cardiovascular Magnetic Resonance for Cardiac Transplant Rejection: A Meta-Analysis. JACC
Cardiovasc. Imaging 2021, 14, 2337–2349. [CrossRef] [PubMed]

69. Bisaccia, G.; Licordari, R.; Leo, I.; La Vecchia, G.; Perotto, M.; Procopio, M.C.; Miaris, N.; Ricci, F.; Gallina, S.; Wong, J.; et al. Safety
and feasibility of adenosine stress cardiac MRI in heart transplant recipients. Eur. Heart J. Cardiovasc. Imaging 2024, 25, e241–e243.
[CrossRef]

70. Arbelo, E.; Protonotarios, A.; Gimeno, J.R.; Arbustini, E.; Barriales-Villa, R.; Basso, C.; Bezzina, C.R.; Biagini, E.; Blom, N.A.; de
Boer, R.A.; et al. 2023 ESC Guidelines for the management of cardiomyopathies. Eur. Heart J. 2023, 44, 3503–3626. [CrossRef]
[PubMed]

https://doi.org/10.4330/wjc.v6.i7.585
https://www.ncbi.nlm.nih.gov/pubmed/25068019
https://doi.org/10.1016/j.amjcard.2018.10.021
https://www.ncbi.nlm.nih.gov/pubmed/30503798
https://doi.org/10.1016/j.hrthm.2014.03.043
https://doi.org/10.1016/S0002-8703(99)70115-8
https://www.ncbi.nlm.nih.gov/pubmed/10426842
https://doi.org/10.1016/S0002-9343(01)00677-5
https://www.ncbi.nlm.nih.gov/pubmed/11343665
https://doi.org/10.1016/j.jcmg.2016.05.009
https://www.ncbi.nlm.nih.gov/pubmed/27450877
https://doi.org/10.1161/CIRCULATIONAHA.109.851352
https://www.ncbi.nlm.nih.gov/pubmed/19884472
https://doi.org/10.1093/ehjci/jeaa136
https://doi.org/10.1161/CIRCULATIONAHA.122.060632
https://doi.org/10.1038/nature09221
https://www.ncbi.nlm.nih.gov/pubmed/20571554
https://doi.org/10.1186/s12968-015-0200-7
https://www.ncbi.nlm.nih.gov/pubmed/26581396
https://doi.org/10.1093/ehjci/jex154
https://www.ncbi.nlm.nih.gov/pubmed/29029074
https://doi.org/10.1016/j.jacc.2005.06.067
https://www.ncbi.nlm.nih.gov/pubmed/16226184
https://doi.org/10.1016/j.healun.2022.10.015
https://www.ncbi.nlm.nih.gov/pubmed/37080658
https://doi.org/10.1016/j.healun.2019.08.001
https://www.ncbi.nlm.nih.gov/pubmed/31548030
https://doi.org/10.1016/j.healun.2010.05.034
https://doi.org/10.1016/S0735-1097(00)01196-7
https://www.ncbi.nlm.nih.gov/pubmed/11693758
https://doi.org/10.1016/j.jcmg.2021.05.008
https://www.ncbi.nlm.nih.gov/pubmed/34274269
https://doi.org/10.1093/ehjci/jeae174
https://doi.org/10.1093/eurheartj/ehad194
https://www.ncbi.nlm.nih.gov/pubmed/37622657


J. Clin. Med. 2025, 14, 1112 19 of 21

71. Georgiopoulos, G.; Figliozzi, S.; Pateras, K.; Nicoli, F.; Bampatsias, D.; Beltrami, M.; Finocchiaro, G.; Chiribiri, A.; Masci,
P.G.; Olivotto, I. Comparison of Demographic, Clinical, Biochemical, and Imaging Findings in Hypertrophic Cardiomyopathy
Prognosis: A Network Meta-Analysis. JACC Heart Fail. 2023, 11, 30–41. [CrossRef] [PubMed]

72. Ommen, S.R.; Mital, S.; Burke, M.A.; Day, S.M.; Deswal, A.; Elliott, P.; Evanovich, L.L.; Hung, J.; Joglar, J.A.; Kantor, P.; et al.
2020 AHA/ACC Guideline for the Diagnosis and Treatment of Patients With Hypertrophic Cardiomyopathy: A Report of the
American College of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. J. Am. Coll.
Cardiol. 2020, 76, e159–e240. [CrossRef]

73. Lee, D.Z.J.; Chan, R.H.; Montazeri, M.; Hoss, S.; Adler, A.; Nguyen, E.T.; Rakowski, H. Left Ventricular Apical Aneurysms in
Hypertrophic Cardiomyopathy: Equivalent Detection by Magnetic Resonance Imaging and Contrast Echocardiography. J. Am.
Soc. Echocardiogr. 2021, 34, 1262–1272. [CrossRef]

74. Weng, Z.; Yao, J.; Chan, R.H.; He, J.; Yang, X.; Zhou, Y.; He, Y. Prognostic Value of LGE-CMR in HCM: A Meta-Analysis. JACC
Cardiovasc. Imaging 2016, 9, 1392–1402. [CrossRef]

75. O’Hara, R.P.; Prakosa, A.; Binka, E.; Lacy, A.; Trayanova, N.A. Arrhythmia in hypertrophic cardiomyopathy: Risk prediction using
contrast enhanced MRI, T1 mapping, and personalized virtual heart technology. J. Electrocardiol. 2022, 74, 122–127. [CrossRef]

76. Stankowski, K.; Figliozzi, S.; Lisi, C.; Catapano, F.; Panico, C.; Cannata, F.; Mantovani, R.; Frontera, A.; Bragato, R.M.; Stefanini,
G.; et al. Solving the Riddle of Sudden Cardiac Death in Hypertrophic Cardiomyopathy: The Added Role of Cardiac Magnetic
Resonance. J. Cardiovasc. Dev. Dis. 2023, 10, 226. [CrossRef] [PubMed]

77. Figliozzi, S.; Masci, P.G.; Monti, L.; Stankowski, K.; Tondi, L.; Aivalioti, E.; Mavraganis, G.; Francone, M.; Condorelli, G.;
Olivotto, I.; et al. Prognostic value of right ventricular involvement in hypertrophic cardiomyopathy: A systematic review and
meta-analysis. Int. J. Cardiol. 2024, 413, 132390. [CrossRef]

78. Aimo, A.; Castiglione, V.; Rapezzi, C.; Franzini, M.; Panichella, G.; Vergaro, G.; Gillmore, J.; Fontana, M.; Passino, C.; Emdin,
M. RNA-targeting and gene editing therapies for transthyretin amyloidosis. Nat. Rev. Cardiol. 2022, 19, 655–667. [CrossRef]
[PubMed]

79. Figliozzi, S.; Kollia, E.; Simistiras, A.; Camporeale, A.; Stankowski, K.; Masci, P.G.; Mavraganis, G.; Lombardi, M.; Condorelli, G.;
Francone, M.; et al. Effects of Enzyme Replacement Therapy on Cardiac MRI Findings in Fabry Disease: A Systematic Review
and Meta-Analysis. Radiol. Cardiothorac. Imaging 2024, 6, e230154. [CrossRef] [PubMed]

80. Figliozzi, S.; Camporeale, A.; Boveri, S.; Pieruzzi, F.; Pieroni, M.; Lusardi, P.; Spada, M.; Mignani, R.; Burlina, A.; Graziani, F.;
et al. ECG-based score estimates the probability to detect Fabry Disease cardiac involvement. Int. J. Cardiol. 2021, 339, 110–117.
[CrossRef] [PubMed]

81. Martinez-Naharro, A.; Treibel, T.A.; Abdel-Gadir, A.; Bulluck, H.; Zumbo, G.; Knight, D.S.; Kotecha, T.; Francis, R.; Hutt, D.F.;
Rezk, T.; et al. Magnetic Resonance in Transthyretin Cardiac Amyloidosis. J. Am. Coll. Cardiol. 2017, 70, 466–477. [CrossRef]

82. Dorniak, K.; Danilowicz-Szymanowicz, L.; Sikorska, K.; Rozwadowska, K.; Fijalkowska, J.; Glinska, A.; Tuzimek, M.; Sabisz,
A.; Zarczynska-Buchowiecka, M.; Swiatczak, M.; et al. Left Ventricular Function and Iron Loading Status in a Tertiary Center
Hemochromatosis Cohort-A Cardiac Magnetic Resonance Study. Diagnostics 2022, 12, 2620. [CrossRef]

83. Elliott, P.; Andersson, B.; Arbustini, E.; Bilinska, Z.; Cecchi, F.; Charron, P.; Dubourg, O.; Kuhl, U.; Maisch, B.; McKenna, W.J.;
et al. Classification of the cardiomyopathies: A position statement from the European Society Of Cardiology Working Group on
Myocardial and Pericardial Diseases. Eur. Heart J. 2008, 29, 270–276. [CrossRef] [PubMed]

84. Paldino, A.; Dal Ferro, M.; Stolfo, D.; Gandin, I.; Medo, K.; Graw, S.; Gigli, M.; Gagno, G.; Zaffalon, D.; Castrichini, M.; et al.
Prognostic Prediction of Genotype vs Phenotype in Genetic Cardiomyopathies. J. Am. Coll. Cardiol. 2022, 80, 1981–1994. [CrossRef]
[PubMed]

85. de Frutos, F.; Ochoa, J.P.; Fernandez, A.I.; Gallego-Delgado, M.; Navarro-Penalver, M.; Casas, G.; Basurte, M.T.; Larranaga-Moreira,
J.M.; Mogollon, M.V.; Robles-Mezcua, A.; et al. Late gadolinium enhancement distribution patterns in non-ischaemic dilated
cardiomyopathy: Genotype-phenotype correlation. Eur. Heart J. Cardiovasc. Imaging 2023, 25, 75–85. [CrossRef]

86. Di Marco, A.; Anguera, I.; Schmitt, M.; Klem, I.; Neilan, T.G.; White, J.A.; Sramko, M.; Masci, P.G.; Barison, A.; McKenna, P.;
et al. Late Gadolinium Enhancement and the Risk for Ventricular Arrhythmias or Sudden Death in Dilated Cardiomyopathy:
Systematic Review and Meta-Analysis. JACC Heart Fail. 2017, 5, 28–38. [CrossRef] [PubMed]

87. Li, Y.; Xu, Y.; Li, W.; Guo, J.; Wan, K.; Wang, J.; Xu, Z.; Han, Y.; Sun, J.; Chen, Y. Cardiac MRI to Predict Sudden Cardiac Death Risk
in Dilated Cardiomyopathy. Radiology 2023, 307, e222552. [CrossRef] [PubMed]

88. Leo, I.; Dellegrottaglie, S.; Scatteia, A.; Torella, D.; Abete, R.; Aquaro, G.D.; Baggiano, A.; Barison, A.; Bogaert, J.; Calo, L.; et al.
CarDiac magnEtic Resonance for prophylactic Implantable-cardioVerter defibrillAtor ThErapy in Non-Dilated Left Ventricular
Cardiomyopathy: A sub-study from the DERIVATE Registry. Eur. Heart J. Cardiovasc. Imaging 2025, jeaf043. [CrossRef] [PubMed]

89. Lyon, A.R.; Lopez-Fernandez, T.; Couch, L.S.; Asteggiano, R.; Aznar, M.C.; Bergler-Klein, J.; Boriani, G.; Cardinale, D.; Cordoba, R.;
Cosyns, B.; et al. 2022 ESC Guidelines on cardio-oncology developed in collaboration with the European Hematology Association
(EHA), the European Society for Therapeutic Radiology and Oncology (ESTRO) and the International Cardio-Oncology Society
(IC-OS). Eur Heart J Cardiovasc Imaging 2022, 23, e333–e465. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jchf.2022.08.022
https://www.ncbi.nlm.nih.gov/pubmed/36599547
https://doi.org/10.1016/j.jacc.2020.08.045
https://doi.org/10.1016/j.echo.2021.07.015
https://doi.org/10.1016/j.jcmg.2016.02.031
https://doi.org/10.1016/j.jelectrocard.2022.09.004
https://doi.org/10.3390/jcdd10060226
https://www.ncbi.nlm.nih.gov/pubmed/37367391
https://doi.org/10.1016/j.ijcard.2024.132390
https://doi.org/10.1038/s41569-022-00683-z
https://www.ncbi.nlm.nih.gov/pubmed/35322226
https://doi.org/10.1148/ryct.230154
https://www.ncbi.nlm.nih.gov/pubmed/38842453
https://doi.org/10.1016/j.ijcard.2021.07.022
https://www.ncbi.nlm.nih.gov/pubmed/34274410
https://doi.org/10.1016/j.jacc.2017.05.053
https://doi.org/10.3390/diagnostics12112620
https://doi.org/10.1093/eurheartj/ehm342
https://www.ncbi.nlm.nih.gov/pubmed/17916581
https://doi.org/10.1016/j.jacc.2022.08.804
https://www.ncbi.nlm.nih.gov/pubmed/36396199
https://doi.org/10.1093/ehjci/jead184
https://doi.org/10.1016/j.jchf.2016.09.017
https://www.ncbi.nlm.nih.gov/pubmed/28017348
https://doi.org/10.1148/radiol.222552
https://www.ncbi.nlm.nih.gov/pubmed/36916890
https://doi.org/10.1093/ehjci/jeaf043
https://www.ncbi.nlm.nih.gov/pubmed/39899463
https://doi.org/10.1093/ehjci/jeac106
https://www.ncbi.nlm.nih.gov/pubmed/36017575


J. Clin. Med. 2025, 14, 1112 20 of 21

90. Mahmood, S.S.; Fradley, M.G.; Cohen, J.V.; Nohria, A.; Reynolds, K.L.; Heinzerling, L.M.; Sullivan, R.J.; Damrongwatanasuk, R.;
Chen, C.L.; Gupta, D.; et al. Myocarditis in Patients Treated With Immune Checkpoint Inhibitors. J. Am. Coll. Cardiol. 2018, 71,
1755–1764. [CrossRef] [PubMed]

91. Harries, I.; Liang, K.; Williams, M.; Berlot, B.; Biglino, G.; Lancellotti, P.; Plana, J.C.; Bucciarelli-Ducci, C. Magnetic Resonance
Imaging to Detect Cardiovascular Effects of Cancer Therapy. Cardio. Oncol. 2020, 2, 270–292. [CrossRef]

92. Bussani, R.; De-Giorgio, F.; Abbate, A.; Silvestri, F. Cardiac metastases. J. Clin. Pathol. 2007, 60, 27–34. [CrossRef]
93. Butany, J.; Leong, S.W.; Carmichael, K.; Komeda, M. A 30-year analysis of cardiac neoplasms at autopsy. Can. J. Cardiol. 2005, 21,

675–680.
94. Kiaffas, M.G.; Powell, A.J.; Geva, T. Magnetic resonance imaging evaluation of cardiac tumor characteristics in infants and

children. Am. J. Cardiol. 2002, 89, 1229–1233. [CrossRef] [PubMed]
95. Cresti, A.; Chiavarelli, M.; Glauber, M.; Tanganelli, P.; Scalese, M.; Cesareo, F.; Guerrini, F.; Capati, E.; Focardi, M.; Severi, S.

Incidence rate of primary cardiac tumors: A 14-year population study. J. Cardiovasc. Med. 2016, 17, 37–43. [CrossRef]
96. Tyebally, S.; Chen, D.; Bhattacharyya, S.; Mughrabi, A.; Hussain, Z.; Manisty, C.; Westwood, M.; Ghosh, A.K.; Guha, A. Cardiac

Tumors: JACC CardioOncology State-of-the-Art Review. JACC CardioOncol. 2020, 2, 293–311. [CrossRef]
97. Delgado, V.; Ajmone Marsan, N.; de Waha, S.; Bonaros, N.; Brida, M.; Burri, H.; Caselli, S.; Doenst, T.; Ederhy, S.; Erba, P.A.; et al.

2023 ESC Guidelines for the management of endocarditis. Eur. Heart J. 2023, 44, 3948–4042. [CrossRef] [PubMed]
98. Mascia, G.; Barca, L.; Sartori, P.; Bianco, D.; Della Bona, R.; Di Donna, P.; Porto, I. Provisional Circulatory Support with

Extracorporeal Membrane Oxygenation during Ventricular Tachycardia Ablation in Intermediate Risk Patients: A Case Series. J.
Clin. Med. 2024, 13, 4477. [CrossRef] [PubMed]

99. Tampakis, K.; Pastromas, S.; Sykiotis, A.; Kampanarou, S.; Kourgiannidis, G.; Pyrpiri, C.; Bousoula, M.; Rozakis, D.; Andrikopou-
los, G. Real-time cardiovascular magnetic resonance-guided radiofrequency ablation: A comprehensive review. World J. Cardiol.
2023, 15, 415–426. [CrossRef] [PubMed]

100. Ávila, P.; Pérez-David, E.; Izquierdo, M.; Rojas-González, A.; Sánchez-Gómez, J.M.; Ledesma-Carbayo, M.J.; López-Lereu, M.P.;
Loughlin, G.; Monmeneu, J.V.; González-Torrecilla, E.; et al. Scar Extension Measured by Magnetic Resonance–Based Signal
Intensity Mapping Predicts Ventricular Tachycardia Recurrence After Substrate Ablation in Patients With Previous Myocardial
Infarction. JACC Clin. Electrophysiol. 2015, 1, 353–365. [CrossRef] [PubMed]

101. Pisani, C.F.; Alexandre, F.K.; Kulchetscki, R.; Mayrink, M.; Wu, T.C.; Chokr, M.; Hardy, C.; Melo, S.L.; Rochitte, C.; Nomura, C.;
et al. Initial experience on cardiac magnetic resonance-aided VT ablation in South America. J. Interv. Card. Electrophysiol. Int. J.
Arrhythm. Pacing 2023, 66, 1581–1587. [CrossRef] [PubMed]

102. Saeed, M.; Van, T.A.; Krug, R.; Hetts, S.W.; Wilson, M.W. Cardiac MR imaging: Current status and future direction. Cardiovasc.
Diagn. Ther. 2015, 5, 290–310. [CrossRef] [PubMed]

103. Muser, D.; Nucifora, G.; Castro, S.A.; Enriquez, A.; Chahal, C.A.A.; Magnani, S.; Kumareswaran, R.; Arkles, J.; Supple, G.; Schaller,
R.; et al. Myocardial Substrate Characterization by CMR T(1) Mapping in Patients With NICM and No LGE Undergoing Catheter
Ablation of VT. JACC Clin. Electrophysiol. 2021, 7, 831–840. [CrossRef]

104. Perone, F.; Bernardi, M.; Redheuil, A.; Mafrica, D.; Conte, E.; Spadafora, L.; Ecarnot, F.; Tokgozoglu, L.; Santos-Gallego, C.G.;
Kaiser, S.E.; et al. Role of Cardiovascular Imaging in Risk Assessment: Recent Advances, Gaps in Evidence, and Future Directions.
J. Clin. Med. 2023, 12, 5563. [CrossRef] [PubMed]

105. Maron, M.S.; Maron, B.J.; Harrigan, C.; Buros, J.; Gibson, C.M.; Olivotto, I.; Biller, L.; Lesser, J.R.; Udelson, J.E.; Manning, W.J.;
et al. Hypertrophic cardiomyopathy phenotype revisited after 50 years with cardiovascular magnetic resonance. J. Am. Coll.
Cardiol. 2009, 54, 220–228. [CrossRef] [PubMed]
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