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ARTICLE INFO ABSTRACT

Keywords: Hypertrophic heart phenotype is characterized by an abnormal left ventricular (LV) thickening. A
CMR hypertrophic phenotype can develop as adaptive response in many different conditions such as
HCM. aortic stenosis, hypertension, athletic training, infiltrative heart muscle diseases, storage disor-
i:;izic d};}s]i[; ertrophy ders and metabolic disorders. Hypertrophic cardiomyopathy (HCM) is the most frequent primary
Sarcoidosis cardiomyopathy (CMP) and a genetical cause of cardiac hypertrophy. It requires the exclusion of

Anderson-fabry disease any other cause of LV hypertrophy.
Iron overload Cardiac magnetic resonance (CMR) is a comprehensive imaging technique that allows a

detailed evaluation of myocardial diseases. It provides reproducible measurements and myocar-
dial tissue characterization. In clinical practice CMR is increasingly used to confirm the presence
of ventricular hypertrophy, to detect the underlying cause of the phenotype and more recently as
an efficient prognostic tool.

This article aims to provide a detailed overview of the applications of CMR in the setting of
hypertrophic heart phenotype and its role in the diagnostic workflow of such condition.

1. Introduction

The hypertrophic heart phenotype is characterized by an abnormal and mainly asymmetric left ventricular (LV) thickening (at least
15 mm in Caucasian adults, detected in one or more LV myocardial segments) measured by echo-cardiography, MRI, or CT; it is an
independent predicting factor for cardiovascular events and sudden cardiac death (SDC), regardless of its cause. A hypertrophic
phenotype can develop as adaptive response to allow the normal ejection fraction (EF) despite an increased pressure and/or volume
load in many different pathological conditions including aortic stenosis, hypertension, athletic training, infiltrative heart muscle
diseases, storage disorders and metabolic disorders. Hypertrophic cardiomyopathy (HCM) represents the most common primary
cardiomyopathy (CMP) and a genetical cause of cardiac hypertrophy. It requires the exclusion of any other cause of LV hypertrophy.
HCM is the most frequent heritable heart disease and the leading cause of SDC in young people. In such a wide variety of conditions,
determine the precise etiology of LV hypertrophy is always a clinical challenge [1,2].

The first-line imaging modality used to investigate LV hypertrophy is echocardiography: it assesses its extension and distribution
and evaluates anatomical and functional parameters such as ventricular size, systolic and diastolic function. However, conventional
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echocardiography is considerably operator-depending, is influenced by acoustic windows, and unable to provide tissue character-
ization [3].

Cardiac magnetic resonance (CMR) is a comprehensive imaging technique that allows a detailed evaluation of myocardial diseases.
It provides both precise and highly reproducible measurements (wall thickness measurements, chamber size, pattern of hypertrophy,
and systolic function) and myocardial tissue characterization [3,4]. In clinical practice CMR is increasingly used to confirm the
presence of ventricular hypertrophy, to detect the underlying cause of the phenotype and more recently as an efficient prognostic tool,
predicting the risk of atrial fibrillation and heart failure, detecting and quantifying fibrosis with late gadolinium enhancement (LGE)
evaluation [5,6]. It is also possible to implement tissue characterization by using mapping sequences, which give important infor-
mation for the diagnosis and prognosis in patients with hypertrophic heart [4].

For the above reasons, CMR is nowadays the best imaging technique to assess myocardial diseases and to define the cause of cardiac
hypertrophy. Nevertheless, there are some relative and absolute contraindications to the execution of CMR, such as the presence of
pacemaker or implantable cardioverter defibrillator (ICD), the presence of brain clips or incompatible metallic devices, patients that
suffer from claustrophobia, or those with cardiac arrhythmias that prevent the required electrocardiogram (ECG) gating. Moreover,
CMR has limitations related to resources availability so that the exam is performable only in some centers [7,8]. In this setting, cardiac
CT (CCT) has lately emerged as an alternative diagnostic tool to CMR for both fibrosis identification and biventricular function,
revealing new indications for a comprehensive assessment of cardiac anatomy, beyond the well-validated and recognized role in the
non-invasive study of coronary artery diseases [7,9]. Particularly, CCT provides an accurate measurement of LV wall thickness and
biventricular volume and function, matching well with CMR findings [7,9]. CCT provides also myocardial fibrosis assessment, even if
with less diagnostic accuracy compared with CMR, due to low contrast-to-noise ratio, and requiring higher doses of contrast agents
than CMR. However, recent technology advances appear to make possible myocardial fibrosis assessment using low doses of
iodine-based CT contrast agents, particularly with dual-energy CT technology, that simultaneously using different tube potentials
provides tissue characterization with ECV evaluation, considered equal to myocardial fibrosis when compared to CMR [7,10]. At
present times, the use of CCT to study cardiac diseases is limited to those patients with CMR contraindications or in case of diagnostic
doubt, but in the next future there will be probably an increase in clinical application [7,8].

2. CMR protocol

To evaluate patients with suspected LV hypertrophy, cardiac magnetic resonance should be performed on high field scanners, for
instance 1.5 T and 3 T; the use of ultra-high field scanners (for example 7 T) is not routinely used in clinical practice, since the technical
difficulty to obtain ECG gating and the more frequent presence of artifacts [11,12]. ECG gating and parallel imaging techniques to
shorten scans and breath hold times are mandatory [13].

A comprehensive CMR acquisition protocol for the evaluation of cardiac hypertrophic phenotype should encompass of sequences
for the evaluation of LV structure and function and other sequences for tissue characterization [2].

The CMR exam starts by acquiring axial, coronal, and sagittal scout images, followed by an axial (8-10 mm slice thickness) series of
steady state free precession (SSFP) or single-shot turbo spin echo black-blood morphological images of the chest. Balanced steady-state
free precession (bSSFP) technique is the primary method to evaluate the LV; compared to fast gradient echo sequences used in the past,
bSSFP technique provides blood-myocardial contrast. Short-axis images (6-8 mm thick with a 2 mm gap between slices) SSFP long-axis
pictures collected in 2-chamber, 4-chamber, and 3-chamber (left ventricular outflow tract, LVOT) planes (prescribed from short-axis
cine images) provide the necessary data to evaluate LV anatomy and function. Visual analysis of short- and long-axis cine pictures
permits qualitative assessment of the existence and distribution of hypertrophy, as well as the size, shape, and function of both
ventricles [14].

T2weighted-STIR sequences may be acquired on long-axis two chamber, four chamber and three chamber and on short-axis to
evaluate the presence of oedema [15].

CMR myocardial tissue characterization can be quantitatively performed using myocardial parametric imaging with T1 and T2
mapping sequences [16]. Magnetization relaxometry mapping techniques enable the detection of diffuse fibrosis by using native
(noncontrast-enhanced) T1 and T2 values, which appears to be robust. In addition, contrast enhanced T1 mapping in conjunction with
the hematocrit value is useful for calculating the extracellular volume fraction (ECV), a measure of the proportion of extracellular
space within the myocardium that serves as a marker of myocardial remodeling [16]. The modified look locker (MOLLI) and shortened
MOLLI (ShMOLLI) sequences are the most frequently employed methods for acquiring T1 mapping values [16,17]. Absolute T1 and T2
values for normal LV myocardium differ among MRI systems and vendors [16]. Numerous studies have demonstrated that some factors
can influence the native T1 relaxation time, including the imaging pulse sequence, magnetic field strength (T1 values increase with
increasing field strength), acquisition plane (e.g., 2-chamber versus 4-chamber), region of myocardium being sampled, patient’s heart
rate, age, and sex [18].

The examination is completed after administration of intravenous contrast medium, with the acquisition of inversion recovery (IR)
LGE sequences on planes with various orientations [14]. In conventional LGE imaging, the operator manually selects the inversion time
(IT) to null the signal of healthy myocardium using a specific sequence (Look Looker, for instance) [19]. To provide the greatest
contrast between diseased and normal cardiac tissue, the best IT must be chosen. The advent of phase-sensitive inversion recovery
(PSIR) sequences by all vendors has made it easier to obtain correct LGE images and to evaluate the level of cardiac involvement [20].
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3. Cardiac mass and volumes: reference ranges

To recognize abnormal conditions, it is essential to know the upper and lower limits of normal and early pathological findings. CMR
is extensively used both to determine physiological reference values (including atrial and ventricular function and size, great vessels
diameters, flow, and myocardial relaxation times), and to assess the myocardial tissue composition, making it possible to grade disease
severity, to evaluate prognosis and to monitor possible changes during therapies [21]. We report normal parameters according to
“Reference ranges (“normal values”) for cardiovascular magnetic resonance in adults and children: 2020 update”.

LV diameters are obtained by manual or automatic contouring analysis of the endocardial and epicardial borders on cine bSSFP
images, on short-axis view, both in systole and diastole, using a per slice segmentation [21]. Since LV volume and mass are significantly
affected by papillary muscles [22-24], they must be included in the segmentation, even if no uniform convention has been accepted to
analyze trabeculation and papillary muscle mass. The Society of Cardiovascular Magnetic Resonance (SCMR) recommendations
established that papillary muscles should be included either in the LV volume or in the LV mass but not in both [22].

Right ventricle (RV) volume evaluation requires a stack of bSSFP images in the short-axis plane or trans axial plane. RV analysis is
performed manually or with semiautomatic software on a per slice basis, by contouring the endocardial border in both systole and
diastole. It is very important to include the trabeculations to achieve a higher reproducibility of RV volumes and mass. RV volume
reference values have been provided both for papillary muscles included and their exclusion in the segmentation, since the exclusion or
the inclusion of papillary muscles has a significant influence on the RV mass and volumes. RV volume depends also on the body surface
area (BSA), sex (it is larger in men than in women) and age (there is a decrease with greater age) [21]. Reference values for RV and LV
are reported in Table 1 and Table 2. Fig. 1 shows an example of contouring method in our hospital.

Left atrial (LA) volume is usually measured by modified Simpson’s method and the biplane area-length method, but also 3-dimen-
sional modelling software has been used [21]. Simpson’s method requires a stack of cine bSSFP images either in the short axis, the
horizontal long axis or transverse view. The biplane area-length method requires a 2-chamber and a 4-chamber view to measure LA
area and its longitudinal and transverse diameter [21], during ventricular systole (the moment in which maximal LA volume is present,
usually the last image immediately before opening of the mitral valve). It is important to exclude the LA appendage and pulmonary
veins in the segmentation. LA volume is influenced by BSA and gender, but not by age [21].

Regarding right atrium (RA) measurement, the modified Simpson’s method, the biplane area-length method and 3D-modeling
method have been used to evaluate the RA volumes. Particularly, the biplane area-length method requires a 4-chamber view and a
RV 2-chamber view; for Simpson’s analysis a stack of cine bSSFP images in the short axis is required. The inferior and superior vena
cava are excluded from RA volume. Maximal RA volume is present during ventricular systole (usually the last cine image before the
tricuspid valve opens).

Recently, new machine learning systems based on artificial intelligence (AI) have been developed and tested to evaluate heart
chambers’ volumes, making it possible to obtain results similar to those obtained with manual segmentation in shorter times [25].

4. Hypertrophic cardiomyopathy

HCM is the most common genetic cardiomyopathy. The prevalence of the disease is estimated to be 1:500 to 1:200 [6]. It is caused
by one of over 600 mutations, mostly in the sarcomere genes, and transmitted as autosomal dominant trait [6]. Patients can be
asymptomatic or present with mild-to-moderate symptoms, but also heart failure or SDC are possible [26]. HCM is the first cause of
SDC in young people [6]. The disease can be diagnosed in presence of left ventricular wall thickness >15 mm, not associated with
ventricular dilatation, measured in one or more LV myocardial segments by an imaging technique, or a ratio between septal thickness

Table 1
Left ventricular parameters, adapted from “Reference ranges (“normal values™) for cardiovascular magnetic resonance in adults and children: 2020
update”.

Parameter Non-athletes [mean + SD (LL-UL)‘] Regular athletes” [mean + SD (LL-UL)‘] Elite athletes” [mean + SD (LL-UL)]
Men Women Men Women Men Women
LVEDV (ml) 201 + 33 156 + 22 250 + 32 194 + 27 261 + 39 199 £ 31
(135-267) (112-200) (186-314) (140-248) (183-339) (137-261)
LVEDV/BSA (ml/ 101 + 15 (71-131) 90 + 11 (68-112) 123 + 13 (97-149) 107 + 14 (79-135) 129 + 17 (95-163) 107 + 14 (79-135)
m?)
LVEDV (ml) 87 + 19 (49-125) 65 + 13 (39-91) 108 + 20 (68-148) 86 + 15 (56-116) 117 + 24 (69-165) 85 + 20 (45-125)
LVEDV/BSA (ml/ 43 + 10 (23-63) 37 + 7 (23-51) 53 + 9 (35-71) 48 + 8 (32-64) 58 + 11 (36-80) 46 + 11 (24-68)
2
m°)
LVM (g) 95 + 20 (55-135) 60 + 11 (38-82) 125 + 22 (81-169) 84 + 17 (50-118) 139 + 28 (83-195) 92 + 15 (62-122)
LVM/BSA (g/mz) 48 + 9 (30-66) 34 + 6 (22-46) 62 + 11 (40-84) 46 + 9 (28-64) 69 + 13 (43-95) 50 + 8 (34-66)
LVEF (%) 57 + 6 (45-69) 58 + 5 (48-68) 57 £ 5 (47-67) 55 + 4 (47-63) 55 + 5 (45-65) 58 + 7 (44-72)
max. IVS (mm) 10 +1 (8-12) 5+1(3-7) 11 +£1(9-13) 9+1(7-11) 11 +1 (9-13) 9+1(7-11)

SD standard deviation, LL lower limit, UL upper limit, n number of study subjects, LV left ventricular, EDV end-diastolic volume, ESV end-systolic
volume, EF ejection fraction, LVM left ventricular mass, max. IVS maximal thickness of the interventricular septum, BSA body surface area.

@ 9-18 h sports activity/week.

b 18 h sports activity/week.

¢ Calculated as mean 4 2*SD.
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Table 2
Right ventricular parameters, adapted from “Reference ranges (“normal values™) for cardiovascular magnetic resonance in adults and children: 2020
update.

Parameter Non-athletes [mean + SD (LL-UL)"] Regular athletes” [mean + SD (LL-UL)‘] Elite athletes” [mean + SD (LL-UL)‘]
Men Women Men Women Men Women
RVEDV (ml) 223 £+ 40 166 + 23 277 + 36 209 + 29 291 + 48 219 + 35
(143-303) (120-212) (205-349) (151-267) (195-387) (149-289)
RVEDV/BSA (ml/ 111 + 18 (75-147) 96 + 12 (72-120) 136 + 16 115 + 15 (85-145) 144 + 20 118 + 17 (84-152)
m?) (104-168) (104-184)
RVEDV (ml) 108 + 24 (60-156) 75 + 13 (49-101) 135 + 25 (85-185) 102 + 17 (68-136) 148 + 30 (88-208) 103 + 24 (55-151)
RVEDV/BSA (ml/ 54 + 12 (30-78) 43 + 7 (29-57) 66 + 12 (42-90) 57 + 9 (39-75) 73 + 13 (47-99) 56 + 13 (30-82)
2
m®)
RVM (g) 23 +£5(13-33) 18 + 4 (10-26) 29 + 6 (17-41) 23 +4(15-31) 30 £ 6 (18-42) 25 +5(15-35)
RVM/BSA (g/mz) 12 + 2 (8-16) 10 + 2 (6-14) 14 + 3 (8-20) 13+ 2(9-17) 15+ 2 (11-19) 14 + 3 (8-20)
RVEF (%) 52 + 5 (42-62) 55 + 5 (45-65) 51 + 4 (43-59) 51 + 4 (43-59) 50 + 4 (42-58) 53 + 7 (39-67)

SD standard deviation, LL lower limit, UL upper limit, n number of study subjects, RV left ventricular, EDV end-diastolic volume, ESV end-systolic
volume, EF ejection fraction, RVM right ventricular mass, max. BSA body surface area.

@ 9-18 h sports activity/week.

b 18 h sports activity/week.

¢ Calculated as mean + 2*SD.

iy

Fig. 1. SSFP, short axis view: example of LV and RV contouring process in the diastolic phase.

and inferior wall at mid-ventricular level >1.3, with any other possible cause of LV hypertrophy excluded (e.g., systemic hypertension,
aortic valve stenosis or infiltrative cardiomyopathies) [3,6,26-28]. Few differences in left ventricle myocardial thickness are reported
in relationship to ethnicity [21]. In first-degrees relatives of people with diagnosed HCM, LV wall thickness >13 mm is considered
diagnostic [29].

CMR represents an important diagnostic tool and has a complementary role to echocardiography in the diagnosis and risk strat-
ification of HCM, since the possibility to characterize the precise location, extension, and grade of left ventricular hypertrophy, but also
to identify hypertrophic segments not visible by echocardiography (e.g., apex and inferior septum) and to give a tissue characterization
[6,26]. For these reasons, at least one CMR is usually performed in every patient with suspected or known HCM [26].

The most typical hypertrophic pattern in HCM is the septal asymmetric form, even if less other common patterns of hypertrophy are
possible (apical, concentric, mid ventricular, mass like, lateral wall and RV forms) [6,27] (Fig. 2).

The presence of septal hypertrophy promotes the development of high left ventricular outflow tract (LVOT). This leads to a
“suction” effect (Venturi effect) and to the traction of the anterior leaflet of mitral valve (SAM, systolic anterior motion) towards the
interventricular septum, with resultant arise of subaortic systolic gradient and LVOT obstruction [27] (Fig. 3). SAM of the mitral valve
leaflets with resulting obstruction of LVOT is present at rest in almost 1/3 of patients with HCM [6]; the other 2/3 may experience
LVOT during maneuvers that modify loading conditions and left ventricular contractility or are included in the non-obstructive form of
HCM [6,30]. SAM can be combined with abnormal structure of the valve itself, like displacement or papillary muscle hypertrophy and
elongated mitral leaflet [3]. Using phase contrast imaging it is possible to measure the peak LVOT flow velocity and thus to derive the
pressure gradient arising from the LVOT [3]. A gradient value > 30 mmHg is considered diagnostic for the obstructive form of HCM,
which is accepted to be a prognostic value: particularly, non-obstructive HCM has usually better prognosis [3,27]. Since the correct
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Fig. 3. SSFP long-axis, 3-chamber view: SAM at the level of LVOT in a patient with HCM.

procedure to align the imaging plane to determine the highest flow velocities requires time and has significant risk for errors and giving
the fact that is difficult to quantify the turbulent flow and the possibility to measure LV outflow only at rest, Doppler echocardiography
remains the first choice in the evaluation of LVOTO [6]. Even if echocardiography has an important role in determining these factors,
kinetic alterations are still detectable by MRI imaging, showing regional hypo-contractility before hypertrophy becomes visible [3].

Possible ancillary CMR findings of HCM include alterations of RV wall, in mitral valve, papillary muscles and in myocardial ar-
chitecture. RV thickening (8 mm or more) is present in more than a third of the cases, mostly at the junction point of RV wall and the
anterior or inferior septum. It is possible to detect also prominent RV structures such as crista supraventricularis [6]. In almost one
third of HCM cases mitral valve presents increase length of the anterior leaflet (>30 mm) or of the posterior one (>17 mm): this
alteration contributes to the genesis of sub-aortic gradients. Papillary muscles present alterations in a great subset of patients,
particularly regarding number, apical displacement, or anomalous insertion on the anterior mitral valve leaflet [6]. Myocardial crypts
(defined as clefts in the LV wall of myocardium), located mostly to the basal inferior septum and LV free wall, show higher prevalence
in patients with HCM, but also in patients with genetic alterations of HCM but without alterations typical for the disease [6].

HCM is characterized by structural micro-alterations, such as disarray of myocardial cells or alterations of coronary vascularization
with consequent silent microvascular ischemia and increased myocardial fibrosis [31,32], which can lead to higher risk of arrythmias,
particularly ventricular tachyarrhythmias/fibrillation, which are the leading cause of SDC in patients with HCM [6]. The microvas-
cular disfunction in HCM patients is responsible for approximately 3% of myocardial infarction with non-obstructive coronary arteries
(MINOCA) [33]. Fibrosis is supposed to be represented by LGE on MRI imaging: it is present in almost 50% of patients with HCM,
involving about 10% of myocardial volume. Typically, LGE has a mid-wall distribution, mostly located on the anterior free wall and on
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the insertion of RV on interventricular sept, known as hinge point [3,6,34]. More recently LGE has been considered a risk factor to
identify higher-risk patients, in addition to the traditional risk factors (massive LV hypertropia, familiarity for SDC and syncope).
Particularly, extensive LGE (involving >15% of the LV total mass) seems to be linked to higher risk of cardiac adverse events and can
help in identifying high-risk patients in absence of the other traditional risk factors [6]. LGE can be useful in the early identification of
the small subset of patients that will likely develop an end-stage HCM, with an increased myocardial fibrosis that leads to LV
remodeling and systolic disfunction [35]. The presence of fibrosis may be used to distinguish between HCM and physiological ad-
aptations in athletes, even if LGE could be absent in HCM, especially in young patients and in those with moderate disease [29]. The
evaluation of native T1 mapping can be used to assess and quantify the myocardial fibrosis, helping to discriminate between these
diseases [26].

Cardiac MRI can be also crucial in detecting less typical form of HCM, such as the apical one, hardly discovered by echocardi-
ography and potentially associated with the development of wall thinning and apical aneurysm, also included in the high-risk group of
SCD [3,36]. Other less frequent forms of HCM are the focal ones; it is important to distinguish these forms of cardiac hypertrophy from
cardiac masses or pseudo masses. The correct CMR protocol provides not only the characterisation of the tissue, but also information
about its vascularization, its relations with the surrounding structures, and identifies myocardial contractility in case of focal hy-
pertrophy [8,37].

The use of more recent mapping techniques is useful in the characterization of HCM. It is well known that native T1 mapping (nT1)
is mildly and diffusely increased in patients with HCM (involving also segments with no signs of fibrosis), with the highest values in
hypertrophic segments of LV and in those with LGE [4]. It has also been shown that elevation of nT1 and T2 mapping values manifests
early in HCM pathogenesis, even before the appearance of wall thickness and LV disfunction, thus highlighting that mapping tech-
niques can have an important role in the diagnosis of HCM at early stages [4]. Elevation of T2 mapping values is reported by Amano
et al. to be able in distinguish the more aggressive forms of HCM, characterized by major myocardial injury [4]. In HCM patients also
ECV (extracellular volume) values are elevated, correlating with LGE percentage. For these reasons it is recommended that CMR
protocol in patients with HCM comprises a complete mapping evaluation [4].

5. Athlete’s heart

Persistent training in athletes causes a series of adaptive alterations in the heart as response to sustained high workload conditions
[38]. Athlete’s heart (AH) refers to a clinical condition characterized by specific cardiac modifications driven by a regular physical
training, as consequence of hemodynamic changes related to heart rate (HR) reduction, stroke volume (SV) increase with a usually
normal or slightly reduced ejection fraction at rest and good contractile reserve, as well as reduction in the systemic vascular resistance
[28,39]. This condition is dominated by LV dilatation and athlete’s hypertrophy of the left ventricle [39]. The range of remodeling
relies on period of training and intensity, but also on athlete’s blood pressure during training [38].

It is well established that regular training conveys cardiovascular benefits; AH has not been associated with significant risks for the
athlete, but it has overlapping morphological features with other high risk and life-threatening conditions including HCM, hence the
importance of differential diagnosis of the cause of LVH [38,39].

It is possible to distinguish between physiological changes occurring in athlete’s heart and other cardiac disorders using a multi-
modality imaging approach [39]. CMR can evaluate cardiac function and morphology, quantify volumes, and flow and operate tissue
characterization, hence it represents a powerful diagnostic tool to identify AH [40].

Fig. 4. SSFP long-axis, 4-chamber view: bi-atrial and bi-ventricular dilatation in a patient with athlete’s heart.
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In AH the hypertrophic pattern depends on the type of training: an eccentric hypertrophy with increased ventricle mass and size is
more often present in endurance sports, due to volume overload, while a concentric hypertrophy with increase in ventricle mass
without chamber dilation is mainly found in strength sports, caused by pressure overload. It is also possible to find mixed patterns of
hypertrophy in athletes who practice mixed type of training [28,38]. AH usually presents with LV symmetrical hypertrophy, while
HCM is characterized by asymmetric apical or septal hypertrophy [28] (Fig. 4). In contrast to HCM, AH shows typically LVH regression
after a detraining period: diagnosis of AH is supported by the decrease >2 mm of LVH after a three-months period without exercise
[28]. Moreover, global and regional systolic and diastolic function is preserved in AH, such as strains and strain rate (which can be
mildly reduced in HCM) [28].

Regarding the T1 mapping and ECV values, they are reduced in AH, since in AH hypertrophy is characterized by elevated cellular
component and relative reduced extracellular space [28]. Hence, T1 mapping and ECV can be used to improve the diagnosis of AH,
especially if LVH has 12-15 mm values [28]. Usually there is no evidence of LGE in AH; rarely it appears as a mesocardiac stria at the
anterior or posterior interventricular junctions and at the insertion point of the trabeculae on the ventricular wall [28]. LGE in AH is
caused by the high systolic pressure correlated to training it has been reported a correlation between LGE presence and the intensity of
exercise [28].

AH shows also, some features overlapping with many other cardiac conditions, such as dilated cardiomyopathy, arrhythmogenic
right ventricular cardiomyopathy (ARVC), left ventricular non-compaction and infiltrative cardiomyopathy, so that a correct differ-
ential diagnosis can be challenging. In this setting, it is important to know the main radiological features of AH and how it develops
[28].

6. Infiltrative heart diseases
6.1. Amyloidosis

Amyloidosis is a multi-systemic disorder caused by the accumulation of insoluble amyloid fibrils in the extracellular space of
various tissues and organs, progressively leading to gradual organ failure. Amyloid fibrils originate from more than 30 different
precursor proteins [41]. Cardiac involvement is frequently present in systemic amyloidosis, mainly caused by accumulation of two
types of protein: immunoglobulin light-chain (AL) and transthyretin (TTR) [41,42]. AL amyloidosis is caused by production of
monoclonal light chains by a small B-cell clone, usually a plasma cell clone [43]. In AL amyloidosis heart involvement represents the
main cause of death, occurring within a few months if diagnosed at advanced stages [42,43]. Transthyretin amyloidosis (ATTR) is
classified in a hereditary form (ATTRm), caused by different mutations in TTR and a non-hereditary form, caused by misfolding of
wild-type transthyretin (ATTRwt) also known as “senile systemic amyloidosis”, which has late onset and affects more often men [20,
41]. In ATTRwt cardiac involvement is usually the only manifestation [42], while ATTRm presentation is variable, depending on the
specific mutation (namely, Thr60Ala mutation is often accompanied by cardiomyopathy) as well as patients’ age, sex, and ethnicity
[42]. ATTR cardiomyopathy (ATTR-CM) shows a better prognosis (overall survival 4-5 years from diagnosis) than the AL-CM (<6
months), thanks to the recent development of effective therapies [42].

In cardiac amyloidosis insoluble amyloid fibrils accumulation leads to diastolic disfunction and restrictive cardiomyopathy [42].
CMR has an important role in the diagnosis of cardiac involvement in systemic amyloidosis [20,41]. ATTR-CM and AL-CM show
different morphological phenotypes: the main hypertrophic pattern in ATTR-CM is the asymmetrical LV hypertrophy (present in 79%

Fig. 5. Inversion recovery sequence to evaluate LGE, 4-chamber view: the image shows diffuse subendocardial LV LGE in a Patient with aTTR
amyloidosis with cardiac involvement. LGE is also visible both in left and right atrium.
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of patients). Asymmetrical septal hypertrophy can be distinguished into two further morphological variants: sigmoid septum and
reverse septal contour, respectively present in 55% and 24% of patients with ATTR-CM, with no significant differences between the
two forms of ATTR-CM [20]. The most prevalent form of cardiac remodeling in AL-CM is the symmetrical and concentric LV hy-
pertrophy (present in 68% of patients) [20].

CMR provides structural and functional information about heart involvement in systemic amyloidosis, especially if LGE and
mapping techniques are used [20]. LGE in amyloid cardiomyopathy is typically diffuse and subendocardial in early stages and becomes
transmural in advanced stages of the disease [20] (Fig. 5). Traditional LGE imaging is a comparison technique that requires the se-
lection of null inversion time by the operator, depending on what is considered normal myocardium; in CA this process can be difficult
since the presence of diffuse infiltration of the myocardium and frequent absence of normal areas, possibly leading to null the abnormal
myocardium [20]. PSIR (phase-sensitive inversion recovery) is a novel reconstruction technique of LGE images that enables a better
determination of cardiac involvement and extension, since it is less sensitive to operator choice of null point and can render truly
T1-weighted signal intensity [20]. There are three possible patterns of LGE in CA, which have direct correlation with the degree of
cardiac infiltration: LGE can be absent or present with a subendocardial or transmural distribution.

Mapping techniques, particularly native T1 mapping (nT1) and ECV, have been demonstrated to be a surrogate marker of infil-
tration in CA [41]. ECV and nT1 are typically increased in patients with CA; more recent studies reported that nT1 is higher in AL-CM
patients [41]; Fontana et al. founded higher ECV values in patients with ATTR-CM than in those with AL-CM [20,44]. NT1 and ECV
correlate with prognosis in patients with amyloid cardiomyopathy, and ECV is and independent factor of prognosis in ATTR-CM and
early marker of amyloid regression in patients undergoing therapies in AL amyloidosis [20]. Finally, T2 mapping values are usually
increased in patients with both forms of cardiac amyloidosis, identifying myocardial oedema [20] (Fig. 6, panel A and B example of
nT1 mapping, Fig. 7, panel A and B example of T2 mapping).

Different studies reported a significative prevalence of ATTR-CA in patients with aortic stenosis (AS) who undergo transcatheter
aortic valve replacement (TAVR), approximately 6% for patients >65 years, with higher percentages in older people [45-47]. Patients
with bot CA and AS reported a worse prognosis after TAVR than those without CA [46,47]. Since patients with AS undergo a CCT as
part of routine TAVR evaluation to define annulus dimension, vascular access, and coronary artery height, cardiac CT can be used also
to identify myocardial ECV to help clinicians to diagnose occult cardiac amyloid deposition (ECV values are massively increased in
CA), with important implications in the management of those patients [48].

6.2. Sarcoidosis

Sarcoidosis is a non-caseating granulomatous multisystemic disease that affects multiple organs, particularly the lymphatic system,
lungs, skin, eyes, and nervous system. Cardiac symptomatic involvement has been reported in approximately 5% of patients, even if in
few autoptic studies cardiac involvement have been reported in 25% of cases. Cardiac involvement is clinically silent in most patients,
but some ECG signs may guide the diagnosis, such as complete heart block and ventricular arrhythmias, right bundle branch block, and
SDC [49]. Since cardiac sarcoidosis (CS) is responsible for morbidity and mortality, early diagnosis is important to prevent severe
consequences; it also guides corticosteroid therapy to prevent cardiac arrhythmias and to improve LV function [49,50].

Cardiac involvement occurs in the typical three stages of the disease: acute myocardial inflammation, post-inflammatory pattern,
and replacement scarring [50]. CMR represents a crucial non-invasive and advanced imaging test with a diagnostic and prognostic

At Py

Fig. 6. Native T1 mapping, panel A shows the segmentation process to calculate nT1 values in the same patient in Fig. 5. Panel B (bull’s eye) shows
the results: nT1 values are elevated (within 1213 ms).
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Fig. 7. T2 mapping. Panel A shows the segmentation process, panel B (bull’s eye) shows the resulting values of T2 mapping, increased.

value, able to reach an early diagnosis of CS [49,51], because of the high spatial resolution and the ability of evaluating left and right
ventricular function, combined with tissue characterization [51]. Typical findings in patients with ongoing acute phase are wall
motion anomalies non corresponding to coronary distribution, LV wall thickness accompanied by signal hyperintensity on
T2-weighted imaging, correlated to inflammation [49]. In the chronic phase of CS and in inactive disease, wall thinning, or aneurysm
can be detected, with hypointense signal in T2-weighted imaging and presence of LGE as a sign of fibrosis [49,51]. The typical LGE in
CS is at the level of septal and lateral wall of basal segments [51], with a mid-myocardial or subepicardial patchy pattern (non-ischemic
distribution), but it is possible to find in few cases a subendocardial pattern, mimicking a prior myocardial ischemia [52]. LGE in
patients with suspected or confirmed CS is correlated with adverse prognosis, since it is related to cardiovascular events such as
ventricular arrythmias and SDC [52] (Fig. 8).

The LGE evaluation has some limitations, particularly it is less sensitive in detecting active myocardial inflammation, so at present
time it is not properly used to guide the therapy [51,53]. Novel CMR techniques of myocardial mapping have been shown to allow the
detection of myocardial inflammation and to improve the diagnosis of silent CS [49,51]. Some studies showed that patients with CS
had significantly higher values of T1, T2 and extracellular volume compared to heathy people [49,54,55].

The final diagnosis of sarcoidosis is made up with anatomopathological criteria and diagnostic imaging modalities; CMR and
mapping techniques are helpful to improve the accuracy [56]. Nowadays several hybrid techniques such as PET-CMR seem to be able
to identify new granulomatous lesions and patients at high risk of adverse events, therefore it should be considered when assessing
disease presence, stage, and prognosis in CS [52]. Moreover, in patients with sarcoidosis it is possible to detect cardiac involvement
performing cardiac CT: the iodine-based CT contrast accumulates in myocardial scars in a similar manner as gadolinium-based MRI

Fig. 8. Inversion recovery sequence to evaluate LGE, short axis view: patient with history of isolated cardiac sarcoidosis. Short axis view shows LGE
at the inferior hinge point at medium level on the infero-septal wall of LV.
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contrast agents, thus providing myocardial fibrosis assessment in those patients who are ineligible for CMR [57].

6.3. Fabry-Anderson disease

Fabry-Anderson disease (AFD) is a rare X-linked autosomal recessive multisystemic lysosomal storage disease, with incidence of
approximately 1/50.000 individuals [58], related to a mutation in the a-galactosidase gene, which leads to the lysosomal accumu-
lation of glycosphingolipids in several tissues and organs, potentially resulting in cardiac, cerebral, and renal impairment [59].
Although AFD is an X-linked transmitted disease, it has been demonstrated that even heterozygous females can be affected [60].
Different types of AFD have been distinguished: the classical phenotype (characterized by the complete absence of the enzyme) and
some with only reduction in a-galactosidase activity. In the latter group is included a cardiac variant similar to hypertrophic car-
diomyopathy, that may express only with LVH in the absence of other signs of the disease. Usually, AFD manifests itself in the third
decade of life in men and may persist asymptomatic until much later in women [61]. Men with the classical form of Fabry disease are
diagnosed early and show a variety of clinical manifestations, including peripheral neuropathy, skin lesions, and nephropathy with
early proteinuria and progression to renal dysfunction [62]. Although the diagnosis of AFD is often delayed, a prompt start of enzyme
replacement therapy (ERT) has a significant impact on the prognosis, since ERT inhibits the initiation and progression of myocardial
damage, which represents the main cause of death in these patients [61,63]. Regarding cardiac involvement, it starts early and
progresses not accompanied by significant symptoms, usually with LVH that mimics HCM, with different degrees in wall thickening.
Myocardial storage leads to progressive diastolic dysfunction. Moreover, the involvement of intramural vessels causes functional and
structural alterations which lead to myocardial ischemia [63]. The development of replacement fibrosis, commonly identified on the
posterior-lateral wall at basal level, and afterload alterations (associated with FD vasculopathy) cause an increase in LV volume,
making it more spherical. These alterations may lately lead to arrhythmias or heart failure [58]. At echocardiography evaluation AFD
disease alterations are similar to many other HCM diseases, and the differential diagnosis may be difficult in most cases if not supported
by specific ECG signs, positive family history, or other signs of AFD [64]. CMR has rapidly become a crucial tool in the early diagnosis
and staging of FD [63]. Particularly, LGE has been found in up to 50% of AFD patients and, along with maximum wall thickness and
cardiac mass, it has been recognized as the best predictor of cardiac events, since it often precedes the development of LVH [65]. LGE
has been described as myocardial fibrosis due to local imbalance between increased collagen synthesis and decreased metal-
loproteinases caused by glycosphingolipids [65]. The typical LGE in AFD is located at the basal-inferolateral mid-wall with sub-
endocardial sparing, but it is possible to find more diffuse LGE in case of severe LVH [58,66]. The typical LGE distribution helps in the
differential diagnosis of LVH [66].

T1 mapping provides tissue characterization to differentiate LVH causes. Particularly, myocardial nT1 values show a global
shortening in AFD because of myocardial storage of glycosphingolipids, as the T1 of fat tissue is very low [66,67], differing from other
infiltrative cardiomyopathies with normal or elongated nT1 values [1,68] (Fig. 9, panel A and B example of nT1 mapping). Some
studies reported that in AFD without LVH, nT1 values were significantly lower than in other caused of LVH and other studies found T1
mapping anomalies in AFD patients with no LVH [61,67,68]. This supports the role of nT1 values in providing an independent in-
cremental diagnostic tool beyond age, gender, and traditional imaging features [1,68]. It is important that myocardial T1 map is
interpreted with attention since the pathology of cardiac involvement in AFD is progressive: inflammation, hypertrophic changes and
fibrosis follow the starting sphingolipid deposition, so that T1 relaxation times may be normal (the so called “pseudo normalization of
T1 times”) in areas with both sphingolipid storage and fibrosis [61]. T2 mapping values are usually increased in cardiac AFD,
correlating with chronic inflammatory cardiomyopathy [61,69]. For these reasons both T1 and T2 mapping should be always per-
formed in case of AFD (both suspected and confirmed) and in the monitoring of the disease progression [61].

1150 ms

850 ms

Fig. 9. Native T1 mapping, panel A shows the segmentation process to calculate nT1 values in a patient with Fabry disease; panel B (bull’s eye)
shows the results: the mean values are mildly reduced.
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Fig. 10. Native T1 mapping, panel A shows the segmentation process to evaluate nT1 values in a patient affected by cardiac iron overload. Panel B
(bull’s eye) shows the results: nT1 values are reduced (819-842 ms).

The possible role of CMR in evaluating the response to ERT therapy is still under investigation but some studies showed that it is
superior to echocardiography in the assessment of LVH [70] and that ERT induces reductions in myocardial T2 values and left ven-
tricular mass and wall thickness in patients with only little or no LGE at all at baseline [61,71,72]. It has also been reported that in
patients with FD associated with LVH there is a small but detectable decrease in LV mass and partial normalization of T1 mapping
values after one year from ERT start, thus highlighting the role of T1 mapping in the evaluation of post-treatment changes in
myocardial glycosphingolipid storage [73].

6.4. Lysosomal storage disorders

Lysosomal storage disorders (LSDs) are a heterogeneous group of more than 50 genetic disorders caused by lacking proteins
involved in lysosomal metabolism, such as lysosome enzymes or membrane transporters [74], due to mutations in genes that encode
for lysosomal glycosidases, integral membrane proteins, enzyme modifiers or activators, transporters, or proteases. Most of the forms
are transmitted as autosomal recessive trait [74], but three (Anderson Fabry disease, Danon disease, and mucopolysaccharidosis (MPS)
type II, also known as Hunter disease) are X-linked. Mutated proteins are dysfunctional and cause lysosomal malfunction and pro-
gressive storage of proteins inside the lysosome, leading consequently to cell death [75]. The classification of LSDs is based on the type
of material stored, e.g., lipid storage disorders, MPS, and glycoproteinoses [74]. Although they are uncommon one by one, LSDs have
an incidence from 1,/5000 to 1/5500, the highest for Fabry disease (2.5/100000 males), Gaucher disease (2/100000 males) and Pompe
disease (2.5/100000) [75]. LSDs are usually multi-organ disorders and can be symptomatic from the prenatal period to adulthood
[75]. Cardiac involvement is present mostly in Pompe disease and Danon Disease (glycogen storage disease type Ila and IIb,
respectively), MPS and Anderson-Fabry disease, with different possible manifestations (from coronary artery disease to valvular
disease or dilated or hypertrophic cardiomyopathy) [74]. Most LSDs are diagnosed by detecting a specific enzyme absence; genetic
exams can help confirming the diagnosis [74].

Glycogen storage disease type Ila, also known as Pompe disease, is caused by a-1,4-glucosidase (GAA) deficiency, leading to
lysosomal storage of glycogen in the tissues, particularly in skeletal muscle, respiratory muscle, and the heart [74,76]. The severity of
disease depends on age of onset, rate of progression and burden of organ involvement [76]. The early infantile-onset form, caused by
complete or almost-complete absence of GAA, has estimated incidence of 1/138,000 [74] and shows severe cardiomyopathy, respi-
ratory and cardiac failure, associated with quadriplegia; this form has a very bad prognosis beyond one year in absence of prompt
enzyme replacement therapy [76]. The other two forms of Pompe disease (juvenile and adult forms) are caused by reduction but
somehow residual GAA activity, have later onset (first decade of life for the juvenile form, third to sixth decade for the adult form),
slower progression of skeletal weakness and absence or only moderate presence of cardiac involvement [74].

Cardiac involvement in Pompe disease causes heart enlargement, thickening of all chambers, particularly the LV free wall and the
papillary muscles. In advanced diseases, there may be also small cardiac cavities and obstruction to left or right ventricular outflow.
Some patients show dilatation of cardiac chambers [74]. The use of CMR in young patients with Pompe disease is rarely performed, due
to the elevated risk associated to sedation in these patients. However, it has been shown that CMR can be an appropriate tool in the
follow-up of patients undergoing ERT, especially regarding the myocardial response to therapy, even without sedation [77]. In the
late-onset form of Pompe disease only few studies have reported mild or nonspecific cardiac alteration on CMR imaging (particularly,
LGE with non-ischemic pattern in the basal LV inferolateral wall, increased ECV values suggesting interstitial fibrosis, left atrial
dilatation in only few patients). These alterations were mostly associated to the overlap between the storage disease and other
comorbidities [76].
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Danon disease (DD) represents a rare vacuolar myopathy caused by the LAMP2 (Lysosomal Associated Membrane Protein-2)
deficiency. DD is transmitted as X-linked trait and shows high penetrance. The main clinical manifestations of DD are the early
LAMP2 cardiomyopathy, which usually emerges as SDC, early onset heart failure or arrhythmias, Wolff Parkinson-White syndrome,
skeletal myopathy, retinopathy, and cognitive impairment [78,79]. Patients with DD may be eligible for heart transplant, implantable
cardioverter-defibrillator (ICD) and some targeted therapies trials [79]. Usually, male patients have earlier onset and more aggressive
cardiac involvement than female, but a severe arrhythmogenic phenotype has been described also in women [80].

Since DD is a rare condition, it is not uncommon that DD cardiomyopathy is confused with HCM or other causes of left ventricular
hypertrophy [79,80]. Some case reports described cardiac findings in patients with DD [78-80]: few patients showed HCM phenotype
and LGE with pattern not typical for other causes of left ventricular hypertrophy, suggesting that genetic testing for LAMP2 mutations
should be performed in these cases, especially if other clinical features typical for DD are present (e.g., Wolff-Parkinson-White syn-
drome or cognitive disorder) [80]. It is also reported that male patients present more frequently LV concentric hypertrophy [79], while
female patients may present with asymmetric LVH, associated with RV hypertrophy, less severe forms of HCM or also with a DCM
phenotype [78,79]. Other prevalent findings in females were LGE at the insertion sites at the LV-RV and right ventricular. Even if the
LGE patterns and cardiac alterations are variable, it is reported that the mid-interventricular septum is always spared. CMR findings
may contribute to raise DD imaging suspicion in HCM and DCM phenotypes [79].

Mucopolysaccharidosis (MPSs) are caused by lack of enzymes that degrade glycosaminoglycans (GAGs), leading to gradual
deposition of GAGs in tissue and organs and in the end to multi-systemic failure. Cardiac involvement is reported in all MPSs; it is
particularly common and early-onset in MPS I, II and VI. In MPS cardiac involvement is characterized by cardiac valve thickening,
valve dysfunction (especially left-sided) and hypertrophy. There may be also alterations in the conduction system, as well as coronary
artery and vascular involvement. Cardiac disorder causes early mortality [81]. There are only few reports of CMR findings in patients
with MPS, showing thickness and stiffness of the posterior mitral leaflet and of the anterior tricuspid leaflet, dilatation and hypokinesis
of RV and paradox motion of the septum, without signs of LGE and fibrosis [82].

6.5. Iron overload

Iron overload counts a group of disorders characterized by systemic iron overload (I0) [83].

Primary IO is caused by mutations in genes that regulate iron absorption (hereditary hemochromatosis), while the secondary form
is caused by iron iatrogenic overload (iron administration or repeated red blood cell transfusions), haematological disorders that lead
to non-effective erythropoiesis or liver diseases [84]. Excess body iron may accumulate in different organs and lead to complications
such as heart failure, cardiac arrhythmia, liver fibrosis and endocrine diseases [85,86].

In cardiac involvement iron overload can lead to iron overload cardiomyopathy (I0C), which is the leading cause of death in iron
overloaded patients, resulting in cardiac dysfunction, originally diastolic and then systolic, due to iron deposition in the myocardium
[86]. Iron overload in the myocytes is a progressive process which begins in the perinuclear lysosomes and proceeds in the sarcoplasm
as serum iron levels increase. Myocardial iron deposition starts from epicardium and extends toward endocardium, explaining the
systolic function maintenance until late phases of the disease [59]. Clinical manifestations of IOC vary from asymptomatic patients to
irreversible heart failure symptoms in severely overloaded patients with dilated cardiomyopathy [86]. Iron deposition can also arise in
the pericardium and in the conduction system with possible signs and symptoms and arrythmias [59,86].

Iron overload diagnosis is challenging and accurate IO evaluation in specific organs is helpful in planning treatment [86]. Different
examinations have been proposed to identify cardiac iron overload: there is evidence that although serum iron studies are useful to
screen total-body iron overload, they are not a diagnostic tool to find organ specific overload. Invasive procedures such as cardiac
biopsy are not useful in screening asymptomatic patients. Moreover, cardiac iron deposition is not homogeneous so that biopsies could
miss the areas of deposition. Echocardiography can detect some early alterations due to iron overload but is not sensitive to detect
definite iron deposition.

At present time, CMR represents the most powerful tool to detect and quantify cardiac iron overload by myocardial T2* MR
quantification [86,87]. In iron overloaded hearts the paramagnetic effect of iron is responsible for changes in MR signal intensity,
shortening T1 and T2 relaxation times [59]. Using gradient echo sequences (which are more susceptible to magnetic field in-
homogeneity and particularly affected by aggregated particles of hemosiderin iron) T2* value can be measured and derived by fitting
signal intensities of left ventricular myocardium regions of interests (ROI) in the interventricular septum at different echo times to a
mono-exponential equation [87,88]. Using the T2* value people with IOC are divided into three groups, each of which correlates with
the severity of IOC itself. T2*>20 ms values (green zone) reflect no iron overload, with low risk for the imminent evolution to
congestive heart failure. T2* values from 10 to 20 ms (yellow zone) are associated with mild to moderate iron load and patients are at
intermediate risk of cardiac failure. T2*<10 ms (red zone) reflects severe iron load and patients are at high risk of cardiac decom-
pensation, needing prompt intensification of the therapy [86,87]. T2* monitoring has also a crucial role in monitoring the iron
overload status during the chelation therapy [86] (Fig. 10, panel A and B example of nT1 mapping; Fig. 11, panel A and B, example of
T2* analisys).

Even if iron overload is detected with T2* technique, T1 mapping and ECV measurement may give some additional information to
better identify left ventricular impairment and cardiac iron overload. T1 mapping has been associated with a better reproducibility
than T2* measurements in patients with only mild iron cardiac load [87,88].

Cardiac magnetic resonance has also a crucial role in the measurement of left and right ventricular indices [89]. LVEF (left ven-
tricular ejection fraction) is the reference standard of the systolic function, but its sensitivity to detect cardiomyopathy in IO is limited
to later phases of the disease. On the contrary, strain analysis can assess the contractile cardiac function even at the earliest subclinical
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Fig. 11. T2* mapping, panel A shows the segmentation process to calculate the T2* values in the same patient of Fig. 10. Resulting values are shown
in panel B: mean T2* values are low (15 ms, normal range >20 ms).

stages [90]. It has been shown that myocardial strain by feature-tracking (FT) CMR is associated with myocardial T2* and can predict
with high sensitivity the systolic disfunction and myocardial fibril deformation by detecting the strain values in patients with cardiac
10 with T2* levels >20 ms (in a normal range) [90,91].

7. Conclusions

Hypertrophic heart phenotype is present in different pathological and para-physiological conditions. CMR currently plays different
key-roles in the diagnostic and prognostic workflow of cardiac hypertrophy and has become routinely part of cardiac hypertrophic
heart evaluation. First, it contributes to the differential diagnosis of LVH. Particularly, it can differentiate between real cardiac hy-
pertrophic heart from cardiac masses or pseudo masses and, in presence of confirmed cardiac hypertrophy, it has the ability both to
evaluate the kinetical function of the heart and to characterize tissues (particularly studying LGE patterns and using novel mapping
techniques). This provides strong confidence in the diagnosis of the cause of hypertrophy.

Tissue characterization has also an important role as a prognostic factor in case of LVH: it is especially evident for the evaluation of
LGE, since LGE presence and extension impact negatively on prognosis of different cardiomyopathies (e.g., HCM), being associated to
the presence of fibrosis, and thus to higher risk of cardiac events. Moreover, CMR is routinely used to stratify the gravity of some
diseases, thus becoming a powerful diagnostic tool to refer patients to therapy (e.g., cardiac iron overload). In some cardiomyopathies
it has also a role in the evaluation of response to treatment (e.g., iron overload, Fabry disease).
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