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Abstract

Cardiomyopathies are a heterogeneous entity. The progress in the field of genetics has allowed over the years to determine
its origin more and more often. The classification of these pathologies has changed over the years; it has been updated with
new knowledge. Imaging allows to define the phenotypic characteristics of the different forms of cardiomyopathy. Cardiac
magnetic resonance (CMR) allows a morphological evaluation of the associated (and sometimes pathognomonic) cardiac
findings of any form of cardiomyopathy. The tissue characterization sequences also make magnetic resonance imaging unique
in its ability to detect changes in myocardial tissue. This review aims to define the features that can be highlighted by CMR
in hypertrophic and dilated forms and the possible differential diagnoses. In hypertrophic forms, CMR provides: precise
evaluation of wall thickness in all segments, ventricular function and size and evaluation of possible presence of areas of
fibrosis as well as changes in myocardial tissue (measurement of T1 mapping and extracellular volume values). In dilated
forms, cardiac resonance is the gold standard in the assessment of ventricular volumes. CMR highlights also the potential
alterations of the myocardial tissue.

Keywords Cardiac magnetic resonance (CMR) - Myocardium - Cardiac hypertrophy - Cardiac dilatation - Late gadolinium
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Introduction

Cardiomyopathy (CMP) is a disease that primarily affects
the heart muscle with a heterogeneous clinical presentation
and natural history [1, 2]. “Primary forms” of CMP must be
distinguished from “Secondary forms,” in which the myo-
cardial alteration is caused by a different pathology, such as
a ventricular dilatation post-myocardial infarction associated
with coronary artery disease (CAD). Although single forms
are relatively rare, the overall prevalence of CMP reaches 3%
[3]. In recent years, advances in genetics have made it pos-
sible to classify an increasing number of CMPs previously
classified as being of “unknown origin” [4]. The recognition
of familial CMP is important in creating a patient’s path-
way, highlighting when screening of relatives is necessary,
and distinguishing familial CMP from non-genetic forms of
the disease (i.e., post-viral, autoimmune, immune-mediated
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sporadic CMPs, or from toxicity linked to endogenous or
exogenous causes such as drugs and toxic agents). However,
in the context of a complex diagnosis process, the recogni-
tion of a specific mutation can be associated with several
different CMPs [5]. Since the World Health Organization
(WHO) provided the first definition of CMP, there have been
numerous classifications based on the morphology, origin
(genetic and non-hereditary), and on a more complex func-
tional morphology and classification scheme [1, 3]. A con-
tinual drive to acquire a more in-depth knowledge of the var-
ious phenotypes, and how these are linked to the etiology of
CMP and its genetic basis, has led to imaging in CMPs play-
ing an increasing role. When considering imaging, it is eas-
ier to follow a morphological classification that recognizes
the following CMPs: the most frequent hypertrophic CMPs
(HCM) associated with ventricular thickening; dilated CMPs
(DCM), associated with an increase in ventricular volume;
and the remaining CMPs associated with specific charac-
teristics including arrhythmogenic right ventricular CMP
(ARVCQ), restrictive CMP (RCM), and unclassified CMPs
[3,5, 6]. CMP may remain asymptomatic for a long time, but
as the disease progresses, disorders relating to heart failure
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may appear, such as breathing difficulties (both under stress
and at rest), swelling in the legs, ankles, and feet, coughing,
fatigue, arrhythmias or palpitations, dizziness, and syncopa-
tion. These symptoms generally tend to worsen over time,
regardless of the type of CMP [7]. Nearly 50% of patients
dying suddenly in childhood or adolescence or undergoing
cardiac transplantation are affected by CMPs [4]. The diag-
nosis of CMP is based on a medical examination in conjunc-
tion with taking an accurate family history [5, 8, 9]. The
diagnostic pathway mainly utilizes echocardiogram, imaging
methods, and, if possible, genetic tests. Potential compli-
cations of CMP include heart failure, thrombus formation,
heart valve problems, and sudden death (SCD) [7, 10]. The
most suitable treatment depends on the type of CMP diag-
nosed and the manifestation of the current disorder. How-
ever, the aim is to always reduce symptoms, prevent wors-
ening of the disease, and reduce the risk of complications
[4]. Imaging plays an essential role in the diagnosis, in the
evaluation of the prognosis, and in the follow-up of a patient
with CMP. Transthoracic echocardiography (TTE) still has
a central role in diagnosis and in follow-up of patients with
CMP [11]. TTE is a widespread low-cost technique that pro-
vides morphological and functional information. The use
of 3D echo reduces some of the limitations of the standard
two-dimensional technique, and with dedicated applications,
it is possible to evaluate deformations of the ventricular wall.
Furthermore, echocardiography provides for the evaluation
of the diastolic function as well as an accurate assessment of
the valve system. However, all these possibilities are some-
times limited by a suboptimal acoustic window and inter-
observer variability. Finally, echocardiography as a method
to characterize myocardial tissue is limited. Conversely, car-
diac magnetic resonance (CMR) imaging is not only the gold

Table 1 Cardiomyopathy imaging features

standard for measuring volumes and cardiac mass, but also
the only method that allows for tissue characterization [12,
13]. The “classic” sequences in late gadolinium enhance-
ment (LGE) allow us to demonstrate the presence of areas
of myocardial fibrosis. The most modern sequences, such
as the mapping of T1 and T2, allow us to measure the val-
ues of myocardial T1 (native T1), the extravascular cellular
volume (ECV) on post-contrast maps, and T2 values [1, 10,
14, 15]. In recent decades, cardiac CT (CCT) has established
itself as a noninvasive imaging technique for the study of
coronary arteries. However, technological advancements
also make this method a valid tool for anatomical (e.g.,
measurement of volumes and ventricular thicknesses) and
functional (e.g., using multi-phasic cine CT images global
and regional kinetic) evaluation. Furthermore, with the most
advanced scanning techniques it is possible to study dynamic
perfusion and, with the use of dedicated software, to obtain
iodine distribution maps [16-22].

In this review, we will describe the contribution of imag-
ing in the diagnosis of the most common primitive forms
of the disease: hypertrophic and dilated CMPs (Table 1). In
particular, we will discuss the typical features of CMR and
the potential for differential diagnoses.

Hypertrophic CMP

Hypertrophic CMP is the most common primary CMP.
HCM occurs with primary ventricular thickening unrelated
to valve diseases (e.g., aortic stenosis), hypertension, infil-
trative diseases or the effects of training conditions on the
myocardial muscle (e.g., athletes). Hypertrophy is linked
with a non-dilated left ventricle with preserved or increased
ejection fraction and is frequently associated with diastolic

Hypertrophic Dilated
Prevalence ~1:500 ~1:250
EKG alteration Infero-lateral T inversion, pathological Q waves, T waves inversion, LBBB
ST depression
Ejection fraction (normal > 55) Usually >60% Usually <30% in symptomatic patients

LV cavity

LV wall thickness
MYV regurgitation
Atrial size Increased

T2 abnormalities (T2W and T2 mapping)

(can be present?)
T1 mapping and ECV Both increased

LGE typically pattern

Usually smaller than normal
Increased (> 12—-15 mm)

Related to annular dilatation

Focal areas high intensity

LV at level of RV insertion points
Hypertrophied segments

Usually larger than normal

Decreased

Related to septum—leaflet valvular mechanism
Increased

Diftuse high intensity

Both increased
Linear midwall in the septum

EKG electrocardiogram, LBBB left bundle branch block

In a minority of patients with hypertrophic cardiomyopathy, abnormal myocardial T2 signal has been described. Elevated T2 values have been

reported in patients with idiopathic DCM
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dysfunction and structural alterations such as the disarray
of myocardial fibers and interstitial and focal fibrosis [3, 4].
HCM affects 1 in 500 individuals and is the most common
heritable CMP. In 70% of cases, it has a familial origin.
Earlier and more severe phenotype of HCM is associated
with mutations in the f-myosin heavy chain gene, MYH7.
Sarcomeric gene mutations are more likely to be found in
younger patients who have a higher rate of SCD [10]. HCM
has a high phenotypic heterogeneity [8, 23]. Most com-
monly, this is observed as an asymmetrical thickening of
the septum. However, hypertrophy can also affect the apex
of the left ventricle (LV), can be concentric, predominantly
posterior, or also involve the right ventricle (RV) [24]. The
risk of malignant arrhythmias is high, and this may be the
first manifestation of the disease [7, 10]. The disarray of
myocardial fibers shown in autopsy studies, and as shown
by MR, correlates with these arrhythmias. Atrial fibrillation
is the most frequent arrhythmia in patients with HCM, and
left atrium (LA) dilation predisposes patients to the risk of
atrial fibrillation [12, 25]. CMR imaging provides informa-
tion concerning the stratification and prediction of risk of
atrial fibrillation (AF) and heart failure (HF) [2, 4, 26]. The
presence of fibrosis visible with CMR on LGE images also
represents a risk factor for patients with HCM. The pres-
ence and extent of fibrosis in LGE correlates with the risk
of SCD/implantable cardioverter-defibrillator (ICD) [27].

CMR provides key information in relation to HCM
pathology by making use of anatomical-functional
sequences and tissue characterization sequences. Tradition-
ally, cine sequences, steady-state free precession (SSFP),
have been used to evaluate the volumes, thicknesses, and
function of LV and RV in the cardiac planes (short axis, 2, 3,
and 4 chambers), usually acquired with patient breath-hold
or with new techniques in free breathing [14]. The volume
of the left atrium must also always be calculated in these
patients (using the biplane area—length method and indexed
for body surface area) [12, 28].

In HCM, the thickness of the LV wall is increased in a
predominantly asymmetrical manner (> 15 mm in one or
more myocardial segments), typically involving the sep-
tum in 70% of patients [1, 2]. Different types of HCM are
described according to the location in the heart of the thick-
ened area of muscle [7, 8].

Asymmetrical septal hypertrophy

It is the most common presentation of the disease. The
septum is thickened with or without signs of obstruction
at the level of the outflow tract (Fig. 1). It is also possible
to find posterior wall and isolated lateral wall hypertrophy.
Reverse curvature of the interventricular septum (into the
LV) is characteristic of overt HCM [29, 30]. If the septum
thickening affects the basal segment can causes obstruction
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in the outflow tract (Fig. 2) [5, 31]. LV outflow tract obstruc-
tion is present at rest in about one-third of patients and can
be provoked in another third. Mitral disease appears to be a
key component in obstructive dynamics. Practically speak-
ing, all HCM patients have an elongated anterior mitral flap,
sometimes thickened with valve dysfunction [32-34]. When
surgically correcting obstructive forms, it is often necessary
to repair not only the septal thickening but also the mitral
alteration [35].

Apical hypertrophy

The thickened area is at the apex (1%) of the heart; it is also
known as Yamaguchi syndrome. Apical hypertrophy usually
reduces the volume of the ventricle (Fig. 3). In the Japanese
population, apical HCM accounts for approximately 15% of
cases, while in Caucasian populations, it accounts for up to
2% of cases [36].

Mid-ventricular hypertrophy obstructive cardiomyopathy
and LV apical aneurysm

Mid-ventricular hypertrophic obstructive cardiomyopathy
(HCM-MVO) is characterized by asymmetric left ventricular
hypertrophy with mid-ventricular obstruction. HCM-MVO
is a rare type of cardiomyopathy (incidence about 1%); sev-
eral studies suggest that this subtype has worse outcomes
than the common type of HCM and different genetic basis
(Fig. 4) [37, 38].

This form may be present in patients who also have apical
hypertrophy or apical aneurysm. The 2% of HCM patients
have an apical aneurysm. In these cases, the ventricle wall
can be thinned or hypokinetic. The presence of these find-
ings increases the risk of sudden death, heart failure, and
intraventricular thrombosis. It is important to demonstrate
the possible presence of CMR on regional scaring and to
exclude the presence of apical thrombosis (Fig. 5) [39, 40].

Symmetrical hypertrophy

The thickening affects the whole of the LV, reducing its vol-
ume. This is sometimes called “concentric” hypertrophy. In
these cases, the CMR contributes to get differential diagno-
sis from other causes of symmetrical myocardial hypertro-
phy, including mild or moderate hypertrophy in hypertensive
heart disease and aortic stenosis or athlete’s heart and other
causes of myocardial hypertrophy (e.g., infiltrative diseases
as cardiac amyloidosis or Fabry disease) (Fig. 6) [41].

Right hypertrophy

When we talk about hypertrophic CMP, we are usually refer-
ring to a thickening of the LV, even if we must not forget that
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Fig. 1 Asymmetric hypertrophy of the middle septum with a maximum thickness of 24 mm (white line) on the cine short-axis (a) and cine
4-chamber (b) view. Focal midwall enhancement of the interventricular septum on LGE (white arrow) (c, d)

Fig.2 A 55-year-old female: asymmetric hypertrophy with maximum
thickness at level of basal and middle septum (21 mm) (white line)
(a); lateral wall of LV with a thickness of 10 mm and hyper-trabec-
ulated and spongy appearance (white arrowhead) (a); signs obstruc-

the RV can also be involved (Fig. 7) [42]. Specific patterns
of hypertrophy of the RV are recognized, which may lead

tion in the outflow tract (black arrow) (a, b). A 40-year-old male:
thickening of septum at the basal segment (24 mm) (white line) with
obstruction in the outflow tract and elongated aspect of the anterior
mitral flap (white arrowhead) (c)

to RV dysfunction. The wall of the RV may be affected by
fibrosis, and a detailed description of the alterations affecting
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Fig.3 Hypertrophy of apical segments on cine 2-chamber (a) and 4-chamber (b) (white arrow) with a reduction in the ventricular cavity at this
level; enhancement of hypertrophic segments on LGE sequences (white arrowhead) (c, d)

Fig.4 Medium ventricular hypertrophy with globular aspect of the apex of the LV (star) (a) and dimensional reduction in the ventricular cavity
(white arrow) (b)
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Fig.5 A 63-year-old male with medium ventricular hypertrophy and (a, b). On LGE sequence presence of regional scaring at the apex of
dilated globular aspect of the apex of the LV, with the presence of LV (white arrow) (c)
apical thrombosis (white arrow); also, pericardial effusion is present

Fig.6 Symmetrical and concentric hypertrophy (inferior wall 13 mm) secondary to hypertension on cine short axis (a). On short-axis (b) and
4-chamber (c) no signs of myocardial fibrosis assessed by LGE

Fig.7 A 73-year-old male: hypertrophy of the RV especially at the apical (white arrow) (a) and infundibular (white arrowhead) site where the
thickness is 6.7 mm (b)
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the RV should be part of the evaluation of a patient with
HCM.

Additional morphological findings

When the hypertrophic phenotype is slight (mild pheno-
type), there are additional findings that may be present. That
are typical of HCM such as anterior mitral valve leaflet elon-
gation, myocardial crypts, para-septal muscle bundle, and
abnormal apical trabeculation often found in both evident
and mild hypertrophic forms (Fig. 8) [31]. These findings
that are common in HCM patients are of great support in
diagnosis.

The use of tissue characterization CMR sequences is fun-
damental in this pathology.

T2-weighted sequences and T2 maps

The role of the classic T2 fat suppression sequences (which
highlight the presence of edema areas) is currently debated.
The presence of focal hyperintensity areas in T2, possibly
confirmed by T2 maps, can be important for arrhythmic risk
stratification (Figs. 9, 10) [43].

T1 mapping

The T1 values measured in the native maps in hypertrophic
CMPs are increased, as well as the expansion of the extra-
cellular volume (ECV) obtained from the pre- and post-con-
trast maps. Native T1 values are significantly elevated in
both non-hypertrophic and hypertrophic segments of HCM
patients compared with controls [15].

Late gadolinium enhancement

LGE is understood to represent dense replacement fibrosis
(Fig. 11). LGE sequences enable identification and quanti-
fication in vivo of myocardial fibrotic areas that have a pro-
longed retention of gadolinium compared with normal tis-
sue. This is observed in approximately 60% of adult patients
with HCM. However, the prevalence of LGE in children
and adolescents with HCM is not well established [24, 27,
44]. LGE in HCM is typically non-ischemic, midwall with a
patchy distribution located in the junctional area with the RV
and in the hypertrophic segments. The extent and character-
istics of LGE may have a prognostic role in HCM patients.
The sequences for the evaluation of the LGE can also assist
in the follow-up of patients to determine the evolution of the
pathology [44, 45].

Role of cardiac CT

A noninvasive study of coronary arteries can be useful in
these patients. The new CT applications also present an
alternative to CMR in demonstrating perfusion alterations
and the presence of fibrosis [21, 46, 47].

Differential diagnosis

It is important to be able to differentiate the forms of HCM
from the paraphysiological and pathological conditions in
which VS is hypertrophic. The key elements for diagnosis
are the clinical and family history and the evaluation of EKG
and imaging. In athletes, there may be an increase in heart
mass with a thickening of the LV which, unlike the typical
form of HCM, is symmetrical, rarely exceeds 14 mm, and

Fig.8 A 72-year-old male with deep crypt at the basal inferior region in end-diastole (white arrow) (a) and hypertrophy of the middle and basal

septum (white arrow) (b)
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Fig.9 A 48-year-old male with asymmetrical hypertrophy-involved
anterior septum and anterior wall at the basal level of the LV (a);
presence of edema as focal hyperintensity areas within the thickened

regresses after a rest period (usually as early as 3 months)
[48, 49]. In hypertrophy from hypertension or from aortic
valve stenosis, the presence of these alterations guides the
diagnosis. In infiltrative pathologies such as Fabry dis-
ease (FD) or cardiac amyloidosis (CA), CMR with tissue
characterization sequences (e.g., mapping) can be decisive
[50-52]. Native T1 and ECV on CMR imaging can allow
for differentiation between patients with CA or HCM. Also,
native T1 values at 1.5 and 3.0 T are significantly lower
in patients with Fabry disease compared with those with
HCM and provide independent and incremental diagnostic
value beyond age, sex, and conventional imaging features
[3,53-55].

Dilated CMP

Dilated CMP (DCM) is defined as LV or biventricular dila-
tion and systolic dysfunction in the absence of coronary
artery disease, hypertension, valvular or congenital heart
disease, and is sufficient to explain such a degree of systolic
impairment [56]. It is the most frequent cause of HF and the

-
. £d NI &

region (white arrow) on T2 fat suppression sequence (b); enhance-
ment of the hypertrophic segments of LV on LGE sequences 2-cham-
ber (¢) and short-axis (d) (white arrowhead)

leading indication for cardiac transplantation. Furthermore,
it is associated with an increased risk of ventricular arrhyth-
mias and/or SCD. The prevalence of DCM ranges from 1 in
25,00 to 1 in 250 people, mainly due to changes in diagnos-
tic criteria and geographical variations [7, 23]. Advances in
pharmacological and surgical treatment have significantly
improved the prognosis of DCM with an estimated survival
of up to 85% at 10 years free from heart transplantation [57].
LV reverse remodeling (LVRR), defined as an improve-
ment in LV ejection fraction (LVEF) and a reduction in LV
enlargement, is one of the main determinants of prognosis
in DCM, and it is the key therapeutic goal. Cardiac adverse
remodeling characteristics in DCM include LV dilation and
wall thinning, LV dyssynchrony manifested by left bundle
branch block, functional mitral regurgitation, myocardial
fibrosis, remodeling of other cardiac chambers, and RV
dysfunction.

Detailed characterization of these parameters has a piv-
otal role in the prognostic stratification of DCM patients
and in improving clinical management [23, 58]. The concept
that DCM likely represents not a single disease entity, but
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Fig. 10 A 32-year-old male. Diffuse hypertrophy asymmetric with a
maximum thickness at the level of the septum of 28 mm (a) and dif-
fuse hyperintensity areas in T2-weighted sequence (white arrowhead)
(b); on LGE sequences 4-chamber intra-myocardial enhancement of

rather an end-stage manifestation of complex interactions
between environmental insults and genetic predisposition is
gaining acceptance [23, 58]. The term “idiopathic DCM” is
often used in clinical practice when the exact cause remains
unknown. Recent studies using genetic screening have sug-
gested that up to 40% of DCM is inherited. Mutations in
over 40 different genes, encoding cytoskeletal, sarcomeric,
mitochondrial, desmosomal, nuclear membrane, and RNA-
binding proteins, have been implicated in the pathogenesis
of DCM. Mutations in the LMNA gene (encoding lamin
A/C) cause up to 10% of DCM characterized by conduc-
tion system disease (atrioventricular block) and increased
risk of life-threatening ventricular arrhythmias [59]. In
some cases, a skeletal muscle involvement could be associ-
ated (limb-girdle or Emery—Dreifuss muscular dystrophy)
[60]. Secondary causes of DCM include infectious agents
(particularly viruses often producing myocarditis), toxins
(including chronic excessive consumption of alcohol, chem-
otherapeutic agents, cocaine), autoimmune and systemic dis-
orders (including sarcoidosis, hemosiderosis, vasculitis, con-
nective tissue disorder), neuromuscular disorders (such as
Duchenne/Becker muscular dystrophies), metabolic, endo-
crine (i.e., Cushing disease) and nutritional disorders (i.e.,
carnitine, selenium deficiencies), and the presence of per-
sistent tachyarrhythmia and pregnancy (peripartum CMP)

@ Springer

septum and lateral wall (white arrow) (c); cine 4-chamber sequence
shows the presence of a deep crypt in the lateral wall at the medium
level (white arrow) (d)

[7]. Since the term DCM refers to a spectrum of genetic and
acquired disorders that manifest as dilated phenotype, iden-
tification of a specific underlying etiology is crucial so that
targeted disease-specific therapy may be given to improve
prognosis. It also enables clinicians to ascertain if screening
of family members is indicated. Imaging techniques play a
fundamental role in establishing the underlying pathological
substrate leading to DCM. Echocardiography is the usual
technique of frontline investigation and is an easily acces-
sible tool for diagnosis and evaluation of DCM. It allows
the estimation of LV volumes and LVEF and the exclusion
of associated cardiac abnormalities, such as congenital and
valvular heart disease. In addition, echocardiography is an
important tool for prognostic stratification allowing the iden-
tification of many aspects of cardiac remodeling, such as
functional mitral regurgitation [57].

Recent advances in technology, such as strain analysis
and 3D echocardiography, have improved the diagnostic
and prognostic capabilities of this technique. On the other
hand, in recent years CMR has emerged as a fundamental
tool for diagnosis, risk stratification, and management of
DCM patients. CMR not only represents the gold standard
for an accurate and reproducible assessment of ventricular
volumes and function, but it is also the only technique that
provides noninvasive tissue characterization. Using imaging
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Fig. 11 Asymmetric hypertrophy of the whole septum with a maximum thickness of 32 mm (white line) on the cine short-axis (a) and cine
4-chamber (b) sequences. Diffused enhancement of the interventricular septum on LGE sequences (white arrow) (¢, d)

techniques such as LGE and qualitative/quantitative param-
eters including T1 mapping, T2 mapping, and T2* mapping,
tissue characterization is useful in the differential diagnosis
of secondary causes of DCM and in the assessment of the
probability of LVRR with a potential role in guiding indi-
vidualized treatment strategies [54, 55, 61].

An accurate and reproducible cardiac evaluation always
includes chamber size quantification, myocardial wall thick-
nesses, ventricular function and mass measurement with
traditional cine sequences, steady-state free precession
(SSFP), in short and long axis (2, 3, and 4 chamber) view.
DCM is characterized by LV dilation, thin-walled, quite
trabeculated, impaired contractility with diffuse hypo-aki-
nesia, and reduced LVEF. At present, LVEF is considered
one of the most important prognostic factors in DCM, and
current guidelines recommend ICD in symptomatic heart
failure with LVEF less than 35%. In addition, velocity-
encoded CMR is a useful alternative to echocardiography

for evaluating functional mitral regurgitation, another aspect
of adverse myocardial remodeling.

The use of tissue characterization CMR sequences is fun-
damental in this pathology.

T2-weighted sequences and T2 maps

T2-weighted sequences with fat suppression highlight the
presence of myocardial edema in inflammatory CMP or in
acute myocardial infarction. T2-weighted short-tau inversion
recovery (T2w-STIR) ECG-gated triple inversion recovery
(IR) technique is recommended [1, 62]. The increase in T2
relaxation time is due to an increase in water content in myo-
cardial tissues. Numerous studies have shown an increase
in myocardial water content in patients with DCM [63]. T2
mapping sequences, due to quantitative analysis, improve the
detection of a diffuse myocardial edema with higher repro-
ducibility and clinical applicability [63]. Also, if a pathology
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such as acute or chronic myocarditis, Takotsubo syndrome,
sarcoidosis, or acute myocardial infarction is suspected the
T2 imaging is mandatory [54, 61].

T1 mapping

T1 mapping and extracellular volume calculation allow for
the noninvasive detection of diffuse fibrosis. A recent meta-
analysis demonstrated that DCM patients show significantly
increased native myocardial T1 values and ECVs compared
with controls. According to recent studies, ECV and native
T1 are emerging as prognostic predictors of mortality inde-
pendent of the presence of both LVEF and LGE [64]. Fur-
thermore, an increased native T1 value seems to be present

as an early imaging marker of adverse outcomes before the
presence of LGE [7].

Late gadolinium enhancement

The pattern of LGE allows for the differential diagnosis
between ischemic and non-ischemic DCM with good speci-
ficity. Myocardial infarction is characterized by subendocar-
dial or transmural LGE in areas supplied by specific coro-
nary arteries (Fig. 12). On the other hand, approximately
30% of DCM cases have a characteristic linear midwall
pattern of LGE in a non-coronary distribution, predomi-
nantly within the interventricular septum (Fig. 13) [8, 24,
64]. Moreover, myocardial fibrosis is emerging as an impor-
tant parameter of cardiac remodeling with prognostic and

Fig.12 A 53-year-old female with dilated CMP: on cine short-axis
sequence, the inferior—lateral wall appears markedly thinned (white
arrow) (a), due to the presence of an ischemic alteration (white

arrow) seen as an area of hyper-enhancement on LGE sequences, in
short- (b) and long-axis 2-chamber (c)

Fig. 13 Patient affected by primary dilated CMP: on short- (a) and long-axis 4-chamber (b) characteristic linear midwall pattern of LGE (white
arrow) within the interventricular septum, in a non-coronary distribution
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therapeutic implications. Currently, LVEF is the main factor
for risk stratification in DCM. However, it is not a specific
and sensitive marker for SCD and does not identify those
patients who are more likely to respond to medical therapy.
Randomized trials, such as the recent DANISH trial, have
not shown that ICD implantation guided by LVEF alone is
associated with improved clinical outcomes [27]. These find-
ings have increased the interest on the potential role of CMR
in the prognostic stratification of DCM helping to assess the
risk for sudden cardiac death and the probability of LVRR
(Fig. 14) [2, 7, 61]. According to the most recent studies,
midwall fibrosis represents an independent predictor of mor-
tality and morbidity beyond LVEF. Myocardial fibrosis is a
pathophysiologic component of DCM and can be detected
by CMR in two forms: as LGE, which corresponds to irre-
versible replacement fibrosis, and as T1 mapping alterations
corresponding to diffuse interstitial fibrosis. Replacement
myocardial fibrosis is associated with contractile impair-
ment and is a potential substrate for ventricular arrhythmia.
Assomul et al. [65] were the first to demonstrate a significant

association between midwall fibrosis and all-cause mortality
in DCM. This finding was subsequently confirmed in further
studies, even after adjustment for potential confounders such
as age, NYHA class, and LVEF. In a prospective study on
the prognostic value of midwall LGE on a cohort of 472
consecutive patients with dilated CMP, comparison between
DCM patients with and without LGE showed that the pres-
ence and extent of LGE was associated with an increased
probability of death (26.8% vs 10.6%) and with an increased
risk of arrhythmic event (29.6% vs 7%) [66]. In a study of
lamin A/C mutation carriers having undergone CMR, typical
midwall myocardial fibrosis in the LV septum was observed
in 88% of LMNA mutation carriers, and this correlated sig-
nificantly with the presence of conduction abnormalities.
According to these findings, CMR is an accurate tool to
recognize lamin A/C CMP with high risk of sudden cardiac
death or severe heart failure at the early stage prior to LV
remodeling [67]. The presence and extent of LGE identifies
a cohort of patients who have a reduced likelihood of LVRR
in response to medical therapy. Therefore, the presence of

Fig. 14 A 49-year-old male with end-stage dilated CMP (24% ejection fraction) (a, b) with markedly thinned and unpacked wall (white arrow)
(c); presence of enhancement in most cardiac segments on LGE sequences (white arrowhead) (d)
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LGE may be used to guide ICD implantation. It may be
reasonable to postpone ICD implantation in DCM patients
without LGE because they have a high chance of LVRR and
a low risk of SCD even when LVEF is <35% [7].

Further studies are required to confirm the role of CMR
in the risk stratification of DCM and to be able to assess if
CMR-guided ICD implantation is able to improve survival
in DCM. However, CMR parameters, such as LGE and T1
and T2 mapping, used as part of a multiparametric approach,
promise to improve clinical outcomes and management in
DCM [1, 2, 54].

Role of cardiac CT

In the diagnostic workup of systolic dysfunction, CCT is
recommended in order to rule out ischemic heart disease as
an alternative to invasive coronary angiography in patients
with low pretest probability. Exclusion of significant cor-
onary artery disease is the main role of CCT in patients
with dilated phenotype. However, CCT is emerging as an
alternative method to CMR for the detection of myocar-
dial fibrosis in patients with contraindications to perform
CMR [18, 47, 68, 69]. A recent study found an association
between CMR and CCT on the presence of LGE in 82%
of the DCM patients. However, in comparison with CMR,
CCT is less sensitive in the detection of myocardial fibrosis
because CMR has an inherent high tissue contrast. In addi-
tion, emerging data have suggested that CCT provides an
accurate assessment of LVEF and LV volume, using ret-
rospective ECG-gated spiral scanning. CCT may be useful
in patients with suboptimal echocardiography and who are
unable to undergo CMR due to contraindications, such as
pacemakers and defibrillators [21].

Differential diagnosis

The identification of a reversible cause appears essential to
promote targeted disease-specific treatment to induce LVRR
and improve clinical outcome. An integrated approach
between clinical and family history and the evaluation of
ECGs and imaging is often necessary. The diagnosis of
CMP related to cardiotoxins, such as alcohol, cocaine,

@ Springer

amphetamines, or anabolic steroid, can be made in the pres-
ence of LV dilation and dysfunction in patients with history
of substance abuse and no other known causes of myocar-
dial disease (Fig. 15) [53, 56]. The onset of HF toward the
end of pregnancy, or in the months after delivery, suggests
peripartum CMP but in order to confirm the diagnosis alter-
native causes of CMP should be excluded. CMR with tis-
sue characterization sequences aids the differential diagno-
sis of secondary causes of DCM, including inflammatory,
autoimmune, neuromuscular diseases and toxic forms or
several end-stage CMPs [62, 70]. T2-weighted sequences
allow detection of myocardial edema in active myocarditis
or sarcoidosis. In acute myocarditis, the pattern of LGE is
usually sub-epicardial or patchy midwall. LGE positivity,
edema on T2-weighted images, and hyperemia on early post-
gadolinium T1-weighted sequences represent the so-called
Lake Louise criteria [70, 71]. The presence of at least two
Lake Louise criteria on CMR strengthens the diagnosis of
clinically suspected myocarditis. In addition, T1 mapping
and ECV calculation allow increasing CMR sensitivity in
LGE negative patients with diffuse myocardial injury. T2
mapping can reduce artifacts and improve the detection of
myocardial edema [1, 54, 62, 63]. CMR has a pivotal role
in the detection of cardiac involvement in sarcoidosis usu-
ally identifying midwall LGE of the basal segments of the
septum and lateral walls. CMR can identify early cardiac
involvement in autoimmune CMP, such as systemic lupus
erythematosus or rheumatoid arthritis, showing evidence of
inflammation [56].

Conclusions

The use of CMR in CMPs is of crucial importance today.
The morphological evaluation done with the CMR helps
with the diagnosis and often completes echocardiography
data. CMR offers the ability to characterize tissues in order
to add elements to the diagnosis. The presence of edema or
fibrosis and the evaluation of their distribution often pro-
vide the differential diagnosis and are also important for risk
stratification. Mapping sequences add significant quantita-
tive data, with both T1 and T2 maps.
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Fig. 15 A 53-year-old male with dilated CMP related to abuse of
anabolic steroid and ejection fraction of 15%; on 4-chamber cine
sequence LV is markedly dilated (a); sub-epicardial and meso-car-
dial alteration in lateral wall (white arrowhead) (b) and linear mid-
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