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Abstract: Cardiac magnetic resonance (CMR) imaging has witnessed substantial progress with the
advent of parametric mapping techniques, most notably T1 and T2 mapping. These advanced
techniques provide valuable insights into a wide range of cardiac conditions, including ischemic heart
disease, cardiomyopathies, inflammatory cardiomyopathies, heart valve disease, and athlete’s heart.
Mapping could be the first sign of myocardial injury and oftentimes precedes symptoms, changes in
ejection fraction, and irreversible myocardial remodeling. The ability of parametric mapping to offer
a quantitative assessment of myocardial tissue properties addresses the limitations of conventional
CMR methods, which often rely on qualitative or semiquantitative data. However, challenges persist,
especially in terms of standardization and reference value establishment, hindering the wider clinical
adoption of parametric mapping. Future developments should prioritize the standardization of
techniques to enhance their clinical applicability, ultimately optimizing patient care pathways and
outcomes. In this review, we endeavor to provide insights into the potential contributions of CMR
mapping techniques in enhancing the diagnostic processes across a range of cardiac conditions.

Keywords: cardiac magnetic resonance; parametric mapping; T1 mapping; T2 mapping;
ischemic heart disease; hypertrophic cardiomyopathy; dilated cardiomyopathy; inflammatory
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1. Introduction

Advanced and innovative cardiac magnetic resonance (CMR) techniques, including
T1 and T2 mapping, have recently gained considerable attention in the field of cardiac
imaging. While they represent notable advancements, their effect on clinical practice
remains a subject of investigation. In this review, we explore specific conditions where
CMR mapping exhibits its utmost utility, shedding light on its pivotal role in evolving
cardiac imaging diagnosis to personalize treatment approaches.

2. Parametric Mapping

In the current era, CMR represents the gold-standard imaging technique for assessing
cardiac function and accurately measuring ventricular volumes and mass [1]. CMR tech-
niques T1-weighted (T1w) fast-spin echo (FSE) with/without fat saturation, T2-weighted
(T2w) short tau inversion recovery (STIR) pulse sequence, and late gadolinium enhance-
ment (LGE) are effective in detecting fat infiltration/metaplasia, edema, and fibrosis,
respectively. However, a notable limitation of these conventional techniques is their qualita-
tive or semiquantitative nature, allowing only a comparative analysis between normal and
diseased myocardium. This limitation is especially evident in LGE and T2-STIR sequences.

Parametric mapping can overcome technical challenges encountered in conventional
T1w or T2w imaging, including artifacts resulting from extended acquisition times. Ad-
ditionally, providing a quantitative evaluation of the tissue, mapping plays an important
role in cases of diffuse conditions, such as diffuse fibrosis or widespread edema, where
a comparative assessment between the pathological area and a reference area may not
be feasible due to the absence of virtually normal myocardium. The quantification of
myocardial tissue also serves to monitor treatment responses and potentially detect early-
stage diseases. This is now evident using artificial intelligence in CMR [2]. Specifically,
parametric heart mapping involves the measurement of myocardial relaxation times (T1,
T2, and T2*) in every pixel of the acquired image. These relaxation times, expressed in
milliseconds, represent distinctive tissue properties, and can vary depending on the CMR
field strength. T1 mapping represents the longitudinal relaxation time of the myocardium.
In native myocardium, the relaxation time is prolonged when there is an increase in free
water content, such as in cases of edema, or when large molecules occupy the interstitium,
as observed in conditions involving diffuse fibrosis or amyloid deposition. Vice versa,
T1 relaxation times decrease when there is an accumulation of iron within cells or in the
extracellular space, as seen in primary or secondary hemochromatosis, or in cases of intra-
cellular lipid accumulation, as in Anderson–Fabry’s disease. T1-mapping images can also
be acquired after contrast injection to calculate the myocardial extracellular volume fraction
(ECV), which increases in the presence of myocardial edema, diffuse fibrosis, or amyloid
deposition. T2 mapping represents the transverse relaxation time of the myocardium. Its
elevation is specific to increased myocardial water content, so it is used to accurately assess
the presence of myocardial edema. T2* represents transverse relaxation in the presence
of magnetic field inhomogeneities. It is shortened in the presence of iron, making it a
valuable tool for evaluating myocardial iron overload, such as in primary and secondary
hemochromatosis. Additionally, T2* is utilized to detect myocardial hemorrhage, which
can occur as a complication of myocardial infarction. The main challenge of CMR map-
ping development is the lack of standardized protocols on T1 and T2 mapping reference
sequences, even leading to vendor-specific variations. Additionally, the establishment of a
local normal range is required according to current consensus, which is time-consuming
for MRI centers.

The integration of these novel techniques in current scenarios are summarized in
Figure 1 (Central Illustration). In Table 1, we reported the usefulness of traditional and
novel CMR pulse sequences in the study of major heart conditions.
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Table 1. Usefulness of CMR traditional and novel pulse sequences in the study of major heart
conditions. Each sequence technique is evaluated according to its clinical utility in each cardiac
disease with the following grading: − not useful; +/− uncertain usefulness; + useful; ++ very useful.
Cine CMR refers to balanced steady-state-free-precession gradient echo sequence, spoiled gradient
echo cine sequence with/without contrast agent. Black blood CMR refers to T1-weighted (half-Fourier,
single-shot, fast spin echo, double inversion recovery) dark blood spin echo sequence with or without
contrast agent; with or without fat saturation, proton-density weighted spin echo sequence. Edema
CMR refers to T2-weighted single-shot/fast spin echo double-inversion recovery/triple-inversion
recovery dark/black blood spin echo sequence/T2-prepared SSFP with/without fat saturation. Stress
perfusion CMR refers to T1-weighted saturation recovery gradient echo sequence with echo-planar,
SSFP, or hybrid read-out. LGE CMR refers to 2D/3D inversion-recovery gradient echo sequence,
regular/single-shot 2D/3D phase-sensitive SSFP, delayed (hyper) enhancement sequence. Flow
CMR: in plane/through-plane motion-encoded phase-sensitive spoiled gradient echo sequence.
CMR: cardiac magnetic resonance. T1w: T1-weighted. T2w: T2-weighted. LGE: late gadolinium
enhancement. ECV: extracellular volume. T2*: T2-star.

Cine CMR Edema
CMR

Stress
Perfusion

CMR

LGE
CMR

Native T1
Mapping

ECV
Mapping

T2
Mapping

T2*
Mapping

Ischemic Heart
Disease ++ ++ ++ ++ + + ++ +/−

Cardiomyopathies ++ + +/− ++ ++ ++ ++ +

Inflammatory
cardiomyopathies ++ ++ +/− ++ ++ ++ ++ +/−

Aortic valve disease ++ +/− + ++ ++ ++ +/− -

Arrhythmic mitral
valve prolapse ++ +/− - ++ ++ ++ ++ -

Athlete’s heart ++ + +/− ++ ++ ++ + -
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3. CMR Mapping and Ischemic Heart Disease

The utility of CMR in ischemic heart disease (IHD) is emphasized in the most recent
European and US guidelines due to its capacity to assess the entire pathophysiological
pathway of the ischemic cascade [3]. It allows for both functional and morphological
characterization of the ischemic heart. On one hand, CMR has rapidly become the gold
standard for the functional assessment of the heart, providing an optimal evaluation
of myocardial kinesis and wall thickening/thinning, and enabling accurate assessments
of ventricular volumes and systolic function. On the other hand, the morphological
characterization of the heart is crucial in IHD, relying on diagnostic CMR’s capability
to detect myocardial edema and ischemic scarring. In addition, the prognostic role of
detecting ischemic scarring via CMR is growing, and it may help us to reclassify patients
who really need prophylactic implantable-cardioverter defibrillator therapy [4].

T1w and T2w sequences are routinely used for evaluating cardiac morphology/structure
and myocardial edema, respectively. Despite their widespread use and widely accepted
diagnostic and prognostic value, in both T1w and T2w sequences the signal intensity
is represented on an arbitrary scale and cannot be compared among subjects or across
serial testing in a single subject. Thus, these sequences allow only for a semiquantitative
approach, requiring a normal tissue as a reference (the “remote myocardium”) for the signal
quantification of a region of interest, limiting their importance in cases of diffuse disease.

Recognition of edema in myocardial diffuse diseases with CMR remains a major
challenge. The quantification of global edema can be evaluated through normalizing
the signal to skeletal muscle [5,6]. This approach, optimally obtained using a body coil,
provides a signal intensity ratio (T2 SI ratio) and may overcome an important limitation
of T2w imaging, i.e., artifacts leading to an artificially low signal intensity of the tissue.
The T2 SI ratio does not use low-signal-intensity areas as reference regions and thus is
not sensitive to such artifacts. On the other hand, the selection of the skeletal muscle is
under the discretion of the reader and thus is often a source of observer bias. Furthermore,
different skeletal muscles may be more or less suitable as a reference [7]. In addition,
artifacts due to the long acquisition times required can also be limiting. Overall, these
challenges can result in insufficient diagnostic value in over 20% of cases [8].

The characterization of necrotic tissue and scars is entrusted to LGE acquisition proto-
cols. The LGE phenomenon is caused by delayed gadolinium washout from the diseased
versus healthy myocardium, leading to shortening of the T1 times. As a result, areas with
focal fibrosis are notably enhanced, appearing brighter on T1w images. LGE imaging
also offers insights into the irreversible damage of the microvascular circulation through
visualizing microvascular obstruction (MVO) and intramyocardial hemorrhage (IMH).
MVO and IMH can be identified as low or absent signal areas in LGE images, typically
located within the central portions of the infarcted tissue. However, even for LGE tech-
niques, there are multiple limitations in the current application: small subendocardial
enhancements can sometimes be missed, and quantifying diffuse myocardial involvement
(e.g., microscopic fibrosis) is challenging. Furthermore, LGE is sensitive to both motion
artifacts and incomplete nulling of the myocardium, and it does not differentiate well
between acute and chronic myocardial infarction. Moreover, exact quantification of MVO
and IMH is challenging due to the spatial definition of these areas and the need for manual
planimetry quantification.

To overcome the limitations of traditional qualitative or semiquantitative measure-
ments in evaluating IHD based on T1w and T2w images, parametric mapping has emerged
as a promising tool for myocardial characterization. It can provide additional information
through advanced quantification of imaging biomarkers [9]. Firstly, through measuring
intrinsic tissue properties, mapping allows for a pixel-wise fitting of each decay curve,
enabling direct visualization of tissue MR properties, such as T1, T2, and T2*. Character-
izing the myocardium using absolute values (e.g., in milliseconds) eliminates the need
for a reference to normal remote tissue. This is a significant advantage in cases of diffuse
disease presentation, such as diffuse fibrosis, and in scenarios with large infarcts, where the
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necrotic area might occasionally be underestimated. The direct quantitative comparison
of maps within individuals over time can also aid in differentiating between acute and
chronic myocardial infarctions and ischemia-reperfusion injuries [10].

T2 mapping quantitatively evaluates tissue water content, and its sensitivity and speci-
ficity for myocardial edema have been well-documented [11]. In fact, both in ST-segment
elevation myocardial infarction (STEMI) and non-ST-segment elevation myocardial infarc-
tion (NSTEMI), baseline T2 myocardial time is significantly elevated in the infarct zone,
decreasing to near-normal values six months after reperfusion. This differentiation of the
timing of infarction is achieved with higher diagnostic accuracy than semiquantitative T2w
methods [12]. T2 mapping also outperforms T2w imaging in identifying infarct-related
arteries and estimating the area of myocardial injury in NSTEMI [13]. Furthermore, both
T2 and T1 mapping correlate well with the area at risk (AAR), which is the surrounding
zone of a necrotic area where cells can still recover if coronary reperfusion is rapidly estab-
lished [14]. T2 mapping is also valuable for detecting MVO and IMH, underscoring its role
in prognostication after reperfusion therapy [15], even though T2* mapping remains the
standard for this quantification. T1 mapping can assess the transmural extent of myocardial
infarction thereby differentiating viable from non-viable myocardium without the use of
LGE in both acute and chronic myocardial infarction. Moreover, T1 mapping performed
better in chronic compared to acute myocardial infarction due to the absence of myocardial
edema [16].

Another significant implication is the ability of T1 mapping techniques to visualize
permanent myocardial injury [17]. The advantage of performing mapping without the
need for contrast agents makes the exam accessible and safe for individuals with chronic
kidney disease and allows for multiple acquisitions over time, facilitating patient follow-
up. Furthermore, it offers a quantitative method independent of the need for a reference
myocardium for comparison, eliminating the manual contouring and semi-automated
approaches often used for LGE evaluation. T1 mapping also enables the assessment of
forms of diffuse fibrosis that may be missed by conventional approaches [18]. Addition-
ally, T1-mapping protocols allow for the calculation of ECV and the generation of ECV
maps, estimated through measuring pre- and post-contrast relaxivity changes adjusted via
hematocrit, serving as a surrogate for diffuse myocardial fibrosis.

4. CMR Mapping and Cardiomyopathies

Cardiomyopathies constitute a heterogeneous group of myocardial disorders, de-
manding a comprehensive approach to their diagnosis. As emphasized by the latest ESC
guidelines [19], CMR plays a pivotal role in the non-invasive assessment of cardiomy-
opathies, offering unparalleled insights into their pathophysiology and facilitating early
diagnoses and personalized treatment strategies. In particular, CMR parametric mapping
can visualize any change in myocardial composition spacing, from evaluation of cardiomy-
ocyte intracellular deposits (e.g., iron overload in hemochromatosis, or glycosphingolipid in
Anderson–Fabry disease) to extracellular modifications of the interstitium (e.g., myocardial
fibrosis or accumulation of collagen or amyloid proteins) [20]. This multifaceted approach
provides invaluable insights into the pathological processes at play, offering a level of detail
that was previously attainable only through invasive histological examinations.

In the realm of hypertrophic cardiomyopathy (HCM) research, cardiac MRI stands as
a valuable tool for comprehensively characterizing the heart. It’s widely acknowledged for
its ability to assess critical parameters, such as myocardial thickness, extracellular volume
(ECV), and regional strain, all of which play pivotal roles in understanding this condition.
Notably, T2 mapping has emerged as an essential component in assessing the severity of
hypertrophy. In fact, T2 time variations are more pronounced in relation to hypertrophy
severity compared to T1 time prolongation. The utilization of LGE to pinpoint areas of
myocardial fibrosis is not only diagnostically valuable but also holds significant prognostic
implications. However, the introduction of T1 mapping technology has helped mitigate
some of the traditional challenges associated with LGE quantification. Elevated native T1
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values now allow us to identify diffuse fibrosis or areas of interest even when LGE findings
are absent [9,10]. Understanding myocardial edema, represented by T2 prolongation, is
a complex task influenced by factors like collagen accumulation, ischemia, and microvas-
cular dysfunction [21]. T2 mapping, therefore, emerges as a valuable tool, particularly in
distinguishing HCM from physiological left ventricular hypertrophy (LVH) in athletes.
Elevated T1 and ECV measurements show strong associations with the left ventricular
mass index across the entire spectrum of HCM patients, aiding in distinguishing various
phenocopies. For example, consider Anderson–Fabry disease (FD) where a notably reduced
native T1 value serves as a red flag, raising suspicions of FD. This reduction is particularly
prominent at the basal septum and often precedes ventricular hypertrophy. However, it’s
crucial to acknowledge that at more advanced stages, inflammation and lymphocyte recall
can lead to a pseudo-normalization of T1 time, potentially misleading clinicians. Experts
have proposed a three-phase model for FD, encompassing accumulation, inflammatory,
and terminal phases [22]. On the other hand, in the evaluation of cardiac amyloidosis (CA),
the accumulation of amyloid fibrils triggers an expansion in ECV, resulting in myocardial
damage and edema. The LGE patterns in CA patients exhibit a characteristic evolution,
transitioning from a fuzzy and focal appearance in earlier stages to diffuse, subendocardial,
transmural, or binary patterns in advanced cases. Native T1 mapping has now emerged as
a sensitive and specific diagnostic tool for identifying light-chain (AL) and ATTR CA with-
out necessitating contrast agents. In light-chain amyloid cardiomyopathy, the combined
influence of amyloid accumulation (ECV) and myocardial edema (T2) is reflected in native
T1 values [23]. In addition, serial ECV mapping may lead us to evaluate the treatment
efficacy for amyloid cardiomyopathy (Figure 2).
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Figure 2. ECV mapping in amyloidosis. CMR-derived ECV map at baseline and after 12 months of
Tafamidis treatment in a patient with amyloidosis (52.1 ± 8.2 vs. 49 ± 8.5, %). Tafamidis stabilized
cardiac amyloidosis deposition in hereditary transthyretin cardiomiopathy. LV: left ventricular.

The role of cardiac mapping in arrhythmogenic right ventricular cardiomyopathy
(ARVC) is a subject of ongoing debate. Cardiac MRI plays a crucial role in assessing
structural abnormalities of the right ventricle, which is essential for diagnosing ARVC. This
is particularly important as the accuracy of transthoracic echocardiography in defining right
ventricular (RV) structure and function is often inadequate. Cardiac MRI mapping is not
only useful for diagnosis and risk stratification of ARVC, identifying regions of fibrofatty
replacement in the right or left ventricle, but it also helps detect early-stage disease and
guide patient management. In this context, T1 mapping becomes an essential tool for
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clinicians. Native T1 values are notably elevated in early-stage patients and individuals at
risk within affected families. There are even anecdotal cases demonstrating how parametric
CMR mapping assists in the non-invasive diagnosis of arrhythmogenic cardiomyopathy,
even when it involves the left ventricle [24].

Dilated cardiomyopathy (DCM) necessitates the use of cardiac MRI mapping for a
comprehensive assessment of myocardial viability, fibrosis distribution, and contractility.
Anomalies in native myocardial T1 relaxation times emerged as potential indicators of an
unfavorable prognosis among individuals with DCM. Additionally, extracellular volume
fraction (ECV) exhibited a robust correlation with major adverse cardiac events (MACE)
across all anatomical regions, with the strongest association identified in the anteroseptal
region. Quantitative CMR features for MACEs in DCM patients showed potential predictive
value. In the context of a chronic presentation of DCM, myocardial T2 relaxation time
is notably prolonged, regardless of the extent of left ventricular dysfunction [25]. T2
mapping enhances the identification of early-stage DCM, especially when myocardial
morphology is challenging to differentiate from athletic myocardial adaptation. Although
the burden of non-ischemic scarring detected via LGE is a useful tool for indication of
implantable cardioverter defibrillators (ICDs) [26], the incorporation of quantitative CMR
markers allows for a tailored approach to therapeutic strategies, including the placement
of implantable cardioverter defibrillators (ICDs) and cardiac resynchronization therapy.

MRI is used to evaluate restrictive cardiomyopathy (RCM), but the use of tissue
characterization parameters is not widely documented. These parameters could help dis-
tinguish RCM from constrictive pericarditis (CP) and other forms of cardiomyopathy. T1w
sequences and cine-SSFP imaging can reveal widespread thickening of pericardial layers
accompanied by hypointense calcifications in CP patients, despite nearly 20% exhibiting
normal pericardial thickness. T1 and T2 mapping techniques can identify conditions of
accumulation or infiltration associated with altered myocardial relaxation properties or
other restrictive conditions causing diffuse inflammation or fibrosis [27]. One of the most
important uses of MRI mapping in RCM is to identify conditions leading to iron overload
in the myocardium. T2* mapping is a highly specific method that allows quantitative
assessment of iron levels in the heart and liver. However, native T1 mapping has the
potential to improve the detection of mild iron burden, but this superior reproducibility is
lost in the presence of significant iron accumulation. ECV does not currently play a role in
the management of patients with cardiac siderosis.

5. CMR Mapping and Myocarditis

The Lake Louise Criteria (LLC) have been widely utilized for the diagnosis of my-
ocarditis through CMR [28]. They establish a diagnosis of myocardial inflammation when
a minimum of two out of the following three tissue-based CMR markers are observed:

(a) Edema: this is detected as high signal intensity in the myocardium on STIR T2w images.
(b) Hyperemia: This is characterized by increased regional gadolinium contrast agent

uptake in the abnormal myocardium during the initial minutes following the injection,
commonly referred to as early gadolinium enhancement (EGE). While EGE was
initially part of the LLC criteria, later studies demonstrated that its exclusion from
the original criteria does not seem to significantly affect their diagnostic accuracy [29].
Alternatively, hyperemia can be assessed using traditional cine steady-state free
precession images acquired shortly after contrast administration.

(c) Fibrosis/Necrosis: this is depicted as myocardial contrast deposition with subepicar-
dial/intramyocardial distribution on LGE images.

The introduction of parametric mapping images has addressed the traditional limi-
tations of T1w or T2w images and has gained significant recognition in the updated 2018
LLC [30]. In this revised version of the criteria, the confirmation of acute myocardial
inflammation involves the presence of at least one CMR marker for edema, observed on
either T2w images or T2 mapping, in conjunction with the presence of at least one T1-based
marker indicative of associated myocardial injury. These markers for myocardial injury
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can be assessed on LGE images, T1 mapping, or through extracellular volume fraction
measurements. The incorporation of mapping techniques has demonstrated a substan-
tial improvement in the diagnostic accuracy of CMR for myocarditis [31]. Furthermore,
parametric mapping techniques offer a valuable alternative for detecting myocardial in-
flammation using CMR in situations where the administration of contrast agents must
be avoided.

Elevated native T1 values are indicative of myocardial inflammation, likely arising
from a complex interplay of factors including intracellular and extracellular myocardial
edema, hyperemia, capillary leakage, and myocyte necrosis. In the context of conditions
like viral myocarditis, rheumatoid arthritis, and systemic lupus erythematosus, native T1
values have been found to increase. However, it’s important to note that T1 values can
also rise in regions with myocardial fibrosis, attributed to the expansion of the extracellular
space or myocardial damage. Consequently, interpreting these findings becomes challeng-
ing, as it may be unclear whether they reflect active inflammation, chronic fibrosis, or a
combination of both. Furthermore, T2 mapping offers distinct advantages over conven-
tional T2w imaging in the detection of acute myocardial inflammation and edema. It excels
in differentiating both focal and global myocardial edema. Additionally, T2 mapping effec-
tively addresses many common limitations associated with T2-STIR, such as incomplete
blood suppression, signal dropouts in the lateral wall, and lower signal-to-noise ratios.
Finally, in patients with chronic myocarditis, only T2 mapping has acceptable diagnostic
performance [32], and is useful for risk stratification [33]. The degree of T2 relaxation time
prolongation, and to a lesser extent the percentage of myocardium with prolonged T2 time,
are reliable predictors of MACE and heart failure (HF) hospitalization in patients with
myocarditis. T2 time tends to shorten after resolution of the inflammation, whereas LGE
may persist. Persistent time prolongation after the acute phase correlates with MACE,
HF hospitalization, and LV dysfunction, making T2 mapping a useful monitoring tool in
patients with myocarditis [33].

6. CMR Mapping and Inflammatory Cardiomyopathies

Inflammatory cardiomyopathies represent a heterogeneous group of heart muscle
disorders characterized by non-ischemic inflammation of the myocardium that can involve
the myocardium as a response to a wide range of etiologies, such as infectious agents,
drugs, and toxins, or systemic immune-mediated diseases [34]. These conditions can be
challenging to diagnose and manage due to their varied etiologies and, more importantly,
their different clinical presentations. CMR represents the gold-standard imaging test in
cases of suspected inflammatory cardiomyopathy in both acute and chronic settings [35].
Furthermore, CMR shows remarkable diagnostic inter-observer agreement as well as an
optimal safety profile, and holds potential to facilitate patient monitoring, assess therapeutic
efficacy, and provide prognostic information [36].

In inflammatory cardiomyopathy, ECV is influenced by several factors such as acute
extracellular edema or interstitial changes following myocyte necrosis, focal replacement
fibrosis, or diffuse myocardial fibrosis. ECV results elevated both in evident biopsy-proven
myocarditis as well as in subclinical forms of myocardial involvement, shedding light on
subtle manifestations of myocardial involvement in conditions like rheumatoid arthritis,
systemic lupus erythematosus, and systemic sclerosis. These observations highlight the
diagnostic potential of ECV in cases involving low-grade inflammation and diffuse fibrosis,
aspects that may be challenging to detect using traditional CMR techniques [34].

T1 and T2 mapping techniques emerged as game-changing technology in the diag-
nosis, prognosis, and management of inflammatory cardiomyopathies. To underscore
the significance of these innovative methods, a study conducted by Cundari et al. [37]
emphasized that CMR’s diagnostic accuracy can be significantly enhanced when T1 and T2
mapping are employed, especially in challenging cases. Interestingly, in patients with an
“infarct-like” presentation, both the revised and the old LLC perform well; on the contrary,
when myocarditis presents atypically with symptoms such as heart failure or arrhythmias,
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the revised LLC outperform the old criteria. This improved performance is attributed
to the incorporation of parametric techniques capable of detecting subtle alterations in
myocardial tissue, allowing for more accurate diagnosis in these scenarios.

7. CMR Mapping and Aortic Valve Stenosis

Valve aortic stenosis, one of the most common valvular diseases in the Western world,
is characterized by a progressive left ventricular remodeling response in which myocardial
fibrosis and cell death are considered important drivers in this pathological progress [38,39].
The role of CMR in this scenario is useful since it can identify focal and diffuse fibrosis,
which are associated with a poor long-term prognosis. Although the remodeling ends
after aortic valve replacement (AVR), fibrosis appears irreversible and leads to a persistent,
poor long-term prognosis. LGE is reliable, well-validated, and easily integrated into the
standard workflow, but it is insensitive to the detection of diffuse interstitial fibrosis that
is, on the contrary, easily detected via T1 mapping [40]. Native T1 values increase with
fibrosis, reflecting the state of both the intracellular and extracellular environments, while
the addition of gadolinium-based contrast agents (post-contrast T1 mapping) facilitates
interrogation of the extracellular space. Native T1 has been utilized in several cardiac
pathologies demonstrating significant prognostic power and data are also emerging for
native T1 in aortic stenosis, although there are still no universal cutoffs for this disease.
Post-contrast T1-mapping techniques allow more specific interrogation of the extracellular
space. Unfortunately, standardization of these values is difficult due to variations in
gadolinium kinetics between patients and even within the same individual on different
days. Extracellular volume fraction (ECV%) introduces a way to correct post-contrast
myocardial T1-mapping values for blood concentrations of gadolinium agent.

A crucial feature in various cardiac conditions, including aortic stenosis, is the ac-
cumulation of excessive collagen in the interstitial space and the consequent expansion
of the extracellular compartment. In this context, the assessment of ECV emerges as a
valuable method for detecting diffuse myocardial fibrosis [41]. However, it’s important
to note that data on the prognostic value of ECV in aortic stenosis are somewhat limited.
In addition to ECV, which offers only a percentage estimate of fibrosis burden, a novel
parameter called indexed extracellular volume (iECV) has been introduced. The iECV pa-
rameter quantifies the entire left ventricular myocardial volume in relation to the patient’s
body surface area. This innovative approach provides a more effective means of assessing
the extent of myocardial fibrosis and demonstrates superior discriminative power across
various disease states compared to other T1-mapping parameters [42]. Both iECV and ECV
have been employed to explore changes in intracellular and extracellular compartments
before and after AVR, aiding in understanding how the left ventricle remodels in response
to the intervention. Before AVR, there is a balanced increase in both the extracellular matrix
and left ventricular mass, which keeps the ECV stable. After AVR, there is a more rapid
reduction in cellular mass compared to extracellular mass, resulting in an apparent increase
in ECV percentage. However, iECV decreases as it represents the total extracellular matrix
volume, not just a percentage. This suggests a potential reversal of diffuse fibrosis [43,44],
in contrast to the irreversible nature of replacement fibrosis as assessed via LGE. While
iECV requires further validation, it holds promise as a method for monitoring changes in
myocardial fibrosis and understanding the effects of treatment interventions.

T1 mapping represents an exciting and evolving field in aortic stenosis research,
offering a distinct approach to detect reversible diffuse myocardial fibrosis. Nevertheless,
additional research is imperative to establish validated thresholds that can guide clinical
decision making. Within the realm of T1 mapping, ECV and iECV emerge as techniques
that provide comprehensive insights into cellular and extracellular remodeling in aortic
stenosis. However, native T1 mapping has its advantages, including ease of calculation
and the avoidance of contrast administration. CMR assessments aimed at detecting diffuse
fibrosis in aortic stenosis demand further validation but hold the potential to identify early
stages of myocardial disease.



J. Clin. Med. 2024, 13, 337 10 of 14

8. CMR Mapping and Arrhythmic Mitral Valve Prolapse

The genesis of arrhythmias in individuals with mitral valve prolapse involves an
intricate interplay of various factors that remain incompletely understood. Cardiac imaging
plays a pivotal role in identifying high-risk features that may potentially elevate the risk
of arrhythmic complications [40]. Echocardiographic indicators categorized as “high-risk”
encompass the presence of a bileaflet mitral valve prolapse (MVP) [41], coupled with
morphofunctional abnormalities of the mitral annulus, such as mitral annular disjunction
(MAD) and systolic curling [42]. Another critical aspect characterizing “arrhythmic mitral
valve prolapse” is the existence of fibrosis, conventionally identified in late gadolinium
enhancement (LGE) sequences in the inferior wall, inferolateral wall, and papillary muscles,
as elucidated in the seminal work of Basso C et al. [43].

Costant Dit Beaufils et al. demonstrated that the prevalence of myocardial fibrosis
was 13% in trace-mild mitral regurgitation (MR), 28% in moderate MR, and 37% in severe
MR. This fibrosis was correlated with specific mitral valve apparatus features, a more
dilated left ventricle (LV), and a higher frequency of ventricular arrhythmias (45% vs. 26%,
p < 0.0001) [44]. The research underscores how the presence of fibrosis, combined with
alterations in the mitral valve apparatus, is associated with a more dilated LV, a higher
degree of MR, and ventricular arrhythmias—factors independently contributing to the risk
of adverse cardiovascular events.

Beyond the localized fibrotic areas identified through LGE, the evaluation of interstitial
fibrosis using native T1 mapping or extracellular volume (ECV) has recently been explored
for enhanced arrhythmic risk stratification [45–47]. Within this context, individuals with
MVP exhibited a heightened degree of ventricular remodeling, extending beyond the scope
of detection in LGE sequences, as evidenced through elevated native T1 relaxation time or
increased ECV. Additionally, an ECV exceeding 33% was identified as having equivalent
predictive value for out-of-hospital cardiac arrest as LGE [45].

9. CMR Mapping and Athlete’s Heart

Athlete’s heart is a form of adaptive cardiac remodeling influenced by regular and
prolonged exercise that could be so pronounced to generate difficulties in differential
diagnosis with early stages of cardiomyopathies [45]. The importance of the differential
diagnosis from hypertrophic and arrhythmogenic cardiomyopathies is crucial, so the use
of CMR for athletic populations is growing [46].

Over the last decade, mapping techniques have experienced a huge expansion in
several cardiac conditions, but data on parametric mapping among the athletic population
are currently limited. The first studies exploring tissue characterization in a small cohort of
athletes showed similar LV mass but lower values of both native T1 and ECV compared to
hypertrophic phenocopies, probably due more to cellular hypertrophy rather than extracel-
lular compart expansion in athletes [47]. Nevertheless, Swoboda et al. demonstrated that
myocyte hypertrophy regresses after a detraining period [48], corroborating such obser-
vations. These findings could have played an important role to differentiate this adaptive
cardiac remodeling with HCM or CDM [49,50], but subsequent works on older athletes did
not observe significant differences in T1 mapping and ECV between athletes and controls,
making even more uncertain the real role of T1 mapping in these subsets [51,52].

Data on T2 mapping are even more scarce. Malek et al. [51] reported higher T2
mapping values in athletes than in controls, which could be primarily due to reversible
myocardial injury and edema due to high-intensity exercise [53]. However, a study by
Tahir and colleagues who evaluated ultra-marathon runners before and after a race demon-
strated the lack of changes in both T1 and T2 mapping values, while concomitant troponin
increase after the race was found [54]. Otherwise, when comparing athletes with cardiomy-
opathy patients rather than sedentary controls, T2 mapping was higher in patients with
hypertrophic and dilated cardiomyopathy [50,55].

The disparities in the literature may stem from several factors. First, these studies
often entail small sample sizes, primarily focusing on endurance athletes. Furthermore,
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the heterogeneity in study designs adds complexity, as some investigations emphasize
distinctions between athletes and sedentary individuals, while others draw comparisons
between athletes and those diagnosed with cardiomyopathy. Additionally, certain studies
evaluate athletes both before and after high-intensity training, further contributing to
variation. Notably, the establishment of mapping reference values proves challenging, par-
ticularly within the unique population of athletes. The lack of homogeneity in parametric
mapping references and values plays a central role in this complexity. Moreover, within
the athletic population, mapping values across different sports categories and genders are
notably underrepresented. Hence, there is a compelling need for more extensive studies
encompassing diverse athletic groups, thereby facilitating the definition of reference ranges
and enhancing our understanding of parametric mapping behavior in this population,
which holds significant clinical implications.

10. Conclusions

To date, it is advisable to utilize both conventional and mapping CMR techniques as
complementary tools in the assessment of most cardiac diseases. Conventional techniques
demonstrate superiority in evaluating myocardial diseases with segmental distribution,
such as myocardial infarction, hypertrophic cardiomyopathy, and myocarditis. Conversely,
mapping techniques prove more effective in cardiac conditions characterized by diffuse in-
volvement of the myocardium, such as amyloidosis and Fabry disease. However, regional
or diffuse involvement of myocardial disease can often be present at the same time or
manifest at different times. Therefore, it is reasonable to consider that integrating findings
from conventional techniques with mapping features may represent the most comprehen-
sive approach for the diagnosis of myocardial diseases. The main challenge of what is
widely regarded as the 4th era of myocardial CMR development is the lack of standardized
protocols on T1 and T2 mapping reference sequences, even leading to vendor-specific
variations. Additionally, the establishment of a local normal range is required according
to current consensus, which is time-consuming for MRI centers. The future advancement
of CMR parametric mapping greatly hinges on achieving standardization, which would
enable its widespread clinical application. This, in turn, is expected to play a pivotal role in
optimizing clinical pathways and ultimately improving patient care.
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