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Thirty years ago cardiomyopathies were defined and classified as heart muscle dis-
eases of unknown etiology. In the following years, great progress has been achieved
in the knowledge of such diseases, considered as a true challenge of complexity,
with many disciplines called for the understanding of aetiology, pathogenesis, diag-
nosis and treatment. The integration of clinical cardiology with basic research, the
interaction between various medical disciplines, the national and international
cooperation as well as a systematic, rigorous collection of data through long-term
registries are the main factors that have contributed to this ongoing progress.

In the past, our understanding of these disorders was mainly based on the correlation
of clinical findings with postmortem anatomy and long-term follow-up. The irruption
and constant development of new technologies have radically changed the general
knowledge and our diagnostic and therapeutic approach to patients. This was initially
based on electrocardiography, on traditional radiology and later on cardiac catheteriza-
tion and cardioangiography, an important tool which allows to obtain good morpho-
logic and functional definition. However, the invasiveness of this technique carried
some procedural risks for the patients. In the following decades, two-dimensional and
Doppler echocardiography became the most important imaging tools for the study of
cardiomyopathies, with progressive improvements, such as three-dimensional, contrast
and stress echocardiography, which allow a more detailed and dynamic evaluation of
myocardial structure and function. Nowadays, echocardiography has a central role in
the definition of the phenotype, in the assessment of diffuse and localized abnormalities
and of pathophysiology underlying these conditions. In some cases it is the most impor-
tant clue to diagnosis, as in right ventricular cardiomyopathy, in “infiltrative” diseases
of the myocardium or in left ventricular non-compaction. Echocardiography should
always be interpreted in the clinical context and integrated with other clinical findings.

In the recent years, cardiac magnetic resonance improved our general under-
standing and diagnostic assessment of these conditions. When echocardiography is
limited in providing an exact diagnosis, cardiac magnetic resonance may have a
pivotal role in contributing a detailed assessment and answering many clinical ques-
tions. Moreover, by analyzing the late gadolinium enhancement sequences it is pos-
sible to identify the pattern of distribution of myocardial fibrosis (that may be
helpful in differentiating between ischemic and non-ischemic etiopathogenesis),
while T1- and T2-weighted pulse sequences are useful in detecting edema, abnor-
mal fat or amyloid.
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Other imaging techniques, such as X-ray computed tomography (CT), positron
emission tomography (PET), and single photon emission tomography (SPECT) are
less used, but their role may be important in certain situations.

The great amount of data published in recent years about cardiomyopathies, as
well as cardiac imaging and its role in diagnosis, prognosis and therapeutic manage-
ment, have been critically analyzed by the authors of this book, a group historically
involved in the study of heart muscle diseases. The authors underscore the impor-
tance of a multidisciplinary approach and the need of an imaging interpretation
deeply integrated with the clinical information and context.

I am convinced that this book will support clinical cardiologists in a rational use
of cardiac imaging and help them in gaining a more comprehensive approach in the
diagnosis and treatment of these complex conditions.

Trieste, Italy Fulvio Camerini, MD, EFESC



This book was designed by the Editors as a thorough up-to-date review of the role
of imaging in cardiomyopathies, based on the existing literature and on the authors’
working experience in the tertiary referral center on cardiomyopathies of the
University Hospital of Trieste, Italy. Particular attention was given to the clinical
significance of echocardiographic findings, as well as those derived from other
imaging modalities, in the different groups of cardiomyopathies. Diagnostic, prog-
nostic, and possible therapeutic implications of imaging data are considered.
Clinically important information achieved by both basic and advanced echocardiog-
raphy (e.g. three-dimensional and speckle-tracking echocardiography) are exam-
ined. Additionally, the role of magnetic resonance imaging and other radiological
and radionuclide cardiac imaging modalities was described.

Relevant data obtained from the published literature and from the authors’ expe-
rience were presented in a critical way in order to provide the clinician and the
imaging cardiologist with valuable support in the appropriate use of imaging tech-
niques for the optimal management of patients affected by cardiomyopathies.

Considering that the main focus of the book is imaging, a significant section was
dedicated to imaging examples of typical cases of cardiomyopathies, mainly stud-
ied by the authors. Furthermore, echocardiographic video loops of various cases of
cardiomyopathies are available online and are extremely useful to fully appreciate
the impact of imaging in clinical practice.

The experience of the authors, who come from the same institution (i.e. the
Cardiovascular Department of the University Hospital of Trieste, Italy), derives from
a 30-year-long work started by the foundation of the Registry of Cardiomyopathies by
Prof. Fulvio Camerini. Finally, it is important to remind that, since the initial distinc-
tion of the three main groups of cardiomyopathies, significant advances have been
made toward a better characterization of distinct subgroups. Nevertheless, areas of
overlap in the diagnosis still persist and difficulties in the differential diagnosis are
faced in the daily clinical practice.

The authors’ hope is that the present book could collect the knowledge of two fields of
cardiology, i.e. cardiomyopathies and cardiac imaging, in a clinically meaningful manner.

Trieste, Italy Bruno Pinamonti, MD
Gianfranco Sinagra, MD, FESC
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Cardiomyopathies



Marco Merlo, Anita Spezzacatene, Francesca Brun,
Andrea Di Lenarda, Rossana Bussani, Gianfranco Sinagra,
and Fulvio Camerini

1.1 Introduction

Historically , in the first classification [1] the term “Cardiomyopathy” (CMP) was
used to describe a heart muscle disease of unknown cause, whereas heart muscle
disorders of known etiology (such as coronary artery disease, valvular disease or
hypertension) or those associated with systemic diseases were classified as specific
CMP. With scientific progress (in particular in genetics and in biotechnology) it
became more and more difficult to distinguish between CMP and specific heart
muscle diseases (primary and secondary CMP) [2] as it was possible to understand
the etiologic basis and pathophysiologic pathways of many so-called “idiopathic”
heart muscle disorders. Therefore, in the last years important advances have been
made to re-define and re-classify CMP.
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| Cardiomyopathies |

| HCM | | DCM || ARVC | | RCM | | Unclassified |

o /
—

| Non-familial/non-genetic |

| Familial/genetic |

Unidentified | Disease sub-type || Idiopathic | | Disease sub-type ‘
gene defect

Fig. 1.1 Classification System of Cardiomyopathies proposed by the European Society of
Cardiology [4]. ARVC arrhythmogenic right ventricular cardiomyopathy, DCM dilated cardiomy-
opathy, HCM hypertrophic cardiomyopathy, RCM restrictive cardiomyopathy

1.2 Definition and Classification

In spite of the global effort to have a single definition and classification of CMP, to
date some controversial and debated issues remain, particularly between the last
reports on this topic of American Heart Association and European Society of
Cardiology [3, 4].

In their last report, an expert committee of the American Heart Association pro-
posed this definition of CMP: “cardiomyopathies are a heterogeneous group of dis-
eases of the myocardium associated with mechanical and/or electrical dysfunction
that usually (but not invariably) exhibit inappropriate ventricular hypertrophy or dila-
tation and are due to a variety of causes that frequently are genetic. Cardiomyopathies
either are confined to the heart or are part of a generalized systemic disorders, often
leading to cardiovascular death or progressive heart failure-related disability” [3]. In
this classification CMP are distinguished in Primary or Secondary, depending on the
solely/predominant involvement of the heart or a cardiac manifestation of a systemic
disorder, respectively. It has to be noted that this classification is based mainly on eti-
ology, distinguishing CMPs in genetic, acquired and mixed. In addition, other not
previously considered heart diseases were included, as the ion channel diseases (pri-
mary genetic CMP), and Tako-tsubo and peri-partum diseases (primary mixed CMP).

More recently, the European Society of Cardiology [4] focused its CMP classifi-
cation predominantly on clinical and morphological features. Therefore, the CMP
were defined as a “myocardial disorder in which structure and function of the myo-
cardium are abnormal, in the absence of coronary artery disease, hypertension,
valvular disease and congenital heart disease sufficient to cause the observed myo-
cardial abnormality” (Fig. 1.1). In this report the CMPs were distinguished into
four main specific morphological and functional phenotypes: dilated CMP (DCM)
(Fig. 1.2), hypertrophic CMP (HCM) (Fig. 1.3), restrictive CMP (RCM), and
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Fig. 1.2 Gross pathologic
specimen of a case of Dilated
cardiomyopathy who died
suddenly. Left ventricle (LV)
is grossly enlarged, without
evident wall hypertrophy. RV
right ventricle

TAp.DV

Fig. 1.3 Case of Hypertrophic cardiomyopathy. Severe left ventricular (LV) hypertrophy,
predominant at the level of interventricular septum (/VS) is evident. LV chamber is small. The right
ventricle (RV) is also hypertrophic
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Fig. 1.4 Case of arrhythmogenic right ventricular cardiomyopathy. (a): External appearance of
anterior aspect of the heart shows an enlarged right ventricle (RV) with a yellowish appearance,
compatible with fatty infiltration. (b): section of the heart (4 chamber view) confirms the severe RV
dilatation and shows the extreme wall thinning of RV (note the transillumination of RV thinned
wall). LV left ventricle

arrhythmogenic right ventricular (RV) CMP (ARVC) (Fig. 1.4). CMPs were further
sub-classified in familial and non-familial forms. According to a Consensus
statement, a familial CMP can be diagnosed in the presence of two or more
affected individuals in a single family, or a first-degree relative with well docu-
mented unexplained sudden death (SD) at <35 years of age [5].

Very recently the World Heart Federation published a new comprehensive clas-
sification, the so called MOGE(S) classification [6]. This descriptive nosologic sys-
tem was constructed in a similar manner as the TNM system universally used for
staging tumors. Each cardiomyopathy can be defined according to 5 characteristics:
M describes the morphofunctional pattern of the CMP, such as HCM, DCM, etc; O
the organ involvement; G the genetic/familial inheritance pattern, and E an explicit
etiological annotation with details of genetic defect or underlying disease/cause: in
addition S as an option describes the functional status using the ACC/AHA stage
and NYHA functional class. The MOGE(S) classification can be considered a com-
promise between the American [3] and European [4] classifications and is expected
to be a major advance in the field of CMPs, allowing, as stated by the Authors, “bet-
ter understanding of the disease, easier communication among physicians and help-
ing to develop multicenter/multinational registries to promote research in diagnosis
and management of cardiomyopathies”.

1.3 Clinical Relevance

Exceptional progresses of knowledge in the field of CMPs have been done in the
last decades. However, despite many causing disease genetic mutations have been
found, and some specific or common pathophysiologic pathways have been
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Table 1.1 Recruitment rate Disease

of patients in Heart Muscle -y, oo iitment  IDCM Myocarditis ARVC HCM Total

Disease Registry of Trieste

(1978-31/12/2013) Before 1979 5 2 7
1979-1980 17 1 18
1981-1982 10 2 3 15
1983-1984 20 15 7 1 43
1985-1986 38 17 6 6 67
1987-1988 41 4 8 12 65
1989-1990 60 4 5 13 82
1991-1992 80 4 7 7 98
1993-1994 99 7 13 22 141
1995-1996 89 7 10 16 122
1997-1998 62 3 6 10 81
1999-2000 74 2 5 12 93
2001-2002 69 2 5 8 84
2003-2004 71 4 7 11 93
2005-2006 80 9 4 22 115
2007-2008 75 7 15 45 142
2009-2010 51 8 7 43 109
2011-2013 90 11 8 48 157
Total n° of patients 1,031 106 119 276 1,532

ARVC arrhythmogenic right ventricular cardiomyopathy, HCM
hypertrophic  cardiomyopathy, IDCM idiopathic dilated
cardiomyopathy

hypothesized, controversial and open issues are still present that should be faced by
future basic and clinical research.

Some important points of clinical relevance in CMPs have to be mentioned, as
the role of familial/genetic screening, and the importance of systematic follow-up
and specific registries.

The ongoing evidence of the relevance and frequency of genetic CMPs [7] should
indicate a systematic familial screening in all 1st degree family members of pro-
bands. In fact, familial screening can provide an earlier diagnosis with a subsequent
better long-term outcome [8].

Moreover, patients affected by CMPs require a regular long-term follow-up for con-
tinuous monitoring of the evolution of disease, better assessment of the effects of treat-
ment, and risk re-stratification [9]. An important point to remember is that the familial
and genetic screenings and the regular long-term follow-up have important costs in
terms of human and economic resources. CMPs also set important ethical issues — such
as the implications of the identification at genetic screening of apparently non affected
family members with presence of gene mutation [7], potential risk of pregnancy, and
employment or sport activity in young patients without other associated diseases — that
the clinical cardiologist has to face often without specific guidelines. Thus, in absence
of specific clinical trials, the presence of registries enrolling clinical, instrumental and
prognostic data of large cohorts of patients affected by CMPs and systematically fol-
lowed in the long-term has a paramount relevance for the correct management of these
diseases by clinical cardiologists. In Tables 1.1 and 1.2 are respectively reported the
recruitment rate and the summary of enrolled patients and length and number of follow-
up evaluation of the Heart Muscle Disease Registry of Trieste, active from 1978.
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Table 1.2 Update of Heart Muscle Disease Registry of Trieste (1978-31/12/2013)

IDCM HCM ARVD Myocarditis ~ Others
N° of pts 1,031 276 119 106 230
Mean age (years) 45+15 45+20 34+15 38+16 50+14
Males (%) 73 64 70 70 66
Mean follow-up (months) 133+88 104+86 12892 9767 44+20
Years of enrolment 1978-2013 1983-2013 1976-2013 1981-2013  1980-2013
N° follow-up (approx.) 6,000 800 500 520 300

ARVC arrhythmogenic right ventricular cardiomyopathy, HCM hypertrophic cardiomyopathy,
IDCM idiopathic dilated cardiomyopathy

1.4  Epidemiology and Definition of Different
Cardiomyopathies

1.4.1 Dilated Cardiomyopathy

Dilated Cardiomyopathy (DCM) is defined by the presence of left ventricular (LV)
dilatation and systolic dysfunction — genetic or not genetic — in the absence of
abnormal loading conditions or coronary artery disease sufficient to cause the LV
systolic impairment (Fig. 1.2). RV dilation and dysfunction may also be present but
are not required for the diagnosis. DCM represents the third most common cause of
heart failure (HF) and the most frequent cause of heart transplantation in western
world. The estimated prevalence is 1:2,500 subjects [10, 11]. Familial forms account
for 3048 % of cases and autosomal dominant is the main pattern of inheritance
[12]. Autosomal dominant forms of the disease are caused by mutations in cytoskel-
etal, sarcomeric protein/ Z-band, nuclear membrane and intercalated disc protein
genes. X-linked diseases associated with DCM include muscular dystrophies (e.g.
Becker and Duchenne) and X-linked DCM. However, about 60 % of DCM remains
idiopathic. There are some particular forms of DCM, such as “Mildly Dilated
CMP”, characterized by advanced HF and severe LV systolic dysfunction occurring
without significant LV dilatation [13]. Although some pathological findings differ,
the clinical picture and prognosis of mildly dilated CMP are very similar to those of
typical DCM [13]. Inflammatory aetiology of DCM has also been described, in
particular as a specific evolution of active myocarditis. It is known that active myo-
carditis, clinically manifested with HF and mostly with LV systolic dysfunction,
shows particularly severe prognosis with possible evolution in DCM [14], even
though systolic dysfunction is potentially reversible and the natural history is there-
fore variable [15].

Other peculiar forms of DCM partially or totally reversible are peri-partum CMP
and tachycardia-induced CMP (TIC) (see Sect. 1.4.6).

1.4.2 Hypertrophic Cardiomyopathy

Historically, Hypertrophic Cardiomyopathy (HCM) is defined as the presence of
myocardial hypertrophy in the absence of abnormal loading conditions (valvular
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disease or hypertension) sufficient to cause the observed abnormality, and of sys-
temic diseases such as infiltrative or storage diseases [16] (Fig. 1.3).

HCM is the most frequent CMP occurring in approximately 1:500 of the general
population [16]. Many individuals have familial disease with an autosomal domi-
nant pattern of inheritance caused by mutations in genes which encode for proteins
of cardiac sarcomere. Usual characteristics of HCM are small sized LV cavity and
normal to increased ejection fraction (EF). Some patients with HCM develop LV
dilatation and systolic failure in the end-stage of the disease. In the young, HCM
can be often associated with congenital syndromes, inherited metabolic disorders,
and neuromuscular diseases.

1.4.3 Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is a peculiar CMP
characterized by progressive dystrophy and replacement of RV myocardium with
adipose and fibrous tissue often confined to a ‘triangle of dysplasia’ comprising the
RV inflow, outflow, and apex (Fig. 1.4). This disease can be diagnosed clinically, in
accordance with published criteria [17] by the presence of RV dysfunction (global
or regional), associated with histological evidence for the disease and/or electrocar-
diographic abnormalities,. Pathologic abnormalities predominantly affect morphol-
ogy and function of the RV, but they also occur in the LV or can be present in the
absence of clinically detectable structural changes in either ventricle. The estimated
prevalence of ARVC is 1:5,000 and it is a frequent cause of SD in young people,
particularly in some areas of Europe. Autosomal recessive forms of ARVC - e.g.
Naxos and Carvajal syndromes caused by mutations in genes encoding plakoglobin
and desmoplakin, respectively — were described, but the majority of cases are caused
by autosomal dominantly inherited mutations in genes encoding proteins of the des-
mosome complex of cardiomyocytes. Moreover, mutations in TGF-, Ryanodine
receptor and also Titin [18] genes may be associated with an ARVC phenotype.

1.4.4 Restrictive Cardiomyopathy

Restrictive Cardiomyopathy (RCM) is characterized by a pattern of ventricular fill-
ing in which increased stiffness of the myocardium causes an increase in ventricular
diastolic pressure with only small increases in volume. Typically, the restrictive
physiology is associated with normal or reduced ventricular volumes, and normal
wall thickness. Although ventricular systolic pump function, as expressed by EF, is
usually preserved in RCM, LV contractility is frequently abnormal.

RCM is the least common type of CMP. It may be idiopathic, familial, secondary
to mediastinal radiation, or to various systemic disorders, as cardiac amyloidosis
(CA) and Fabry’s disease, more appropriately considered infiltrative (storage CMPs;
see below). Familial RCM is often characterized by autosomal dominant inheri-
tance, which sometimes is caused by mutations in the troponin I gene; another
related gene is that for desmin protein (usually associated with skeletal myopathy).
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Fig.1.5 Case of cardiac
amyloidosis. Diffuse
thickening of ventricular
walls with pink coloration is
evident, in absence of
chamber dilatation. LV left
ventricle, RV right ventricle

RCM can also be the result of endomyocardial pathology (fibrosis, fibro-elastosis,
and thrombosis) that impairs diastolic function. These disorders can be sub-
classified according to the presence or absence of hypereosinophilia.

1.4.5 Infiltrative and Storage Cardiomyopathies

Infiltrative and Storage CMP are characterized by intercellular or intracellular
deposition of various substances within the myocardium that can result in LV
hypertrophy and/or restrictive phenotype. Genetic and acquired forms can be
observed. CA (Fig. 1.5), sarcoidosis, Fabry’s disease, and glycogen storage diseases
are some examples. Mytochondrial CMP were also included in this chapter,
considering that the cardiac involvement is usually characterized by increased
myocardial thickness and accumulation of abnormal mytochondria.

1.4.6 Other Cardiomyopathies
In the last classifications there is still doubt on the correct classification of some

forms of CMP, in particular left ventricular non-compaction (LVNC) and Tako-
tsubo CMP.
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Concerning LVNC, it is not clear whether this is a separate CMP, or a congenital
or acquired morphological trait shared by many phenotypically distinct CMP. It is
characterized by prominent LV trabeculae and deep inter-trabecular recesses [19].
In some patients, LVNC is associated with LV dilatation and systolic dysfunction,
which can be transient in neonates. LVNC is frequently familial, with at least 25 %
of asymptomatic relatives having a range of echocardiographic abnormalities.
Tako-tsubo CMP is characterized by transient regional systolic dysfunction involv-
ing the LV apex (“apical ballooning”) and/or mid-ventricle in the absence of
obstructive coronary disease on coronary angiography. Patients frequently present
with an abrupt onset of angina-like chest pain, and have diffuse T-wave inversion,
sometimes preceded by ST segment elevation, and mild cardiac enzymes elevation
[20]. Most reported cases occur in post-menopausal women. Symptoms are often
preceded by emotional or physical stress and LV function usually normalizes over
a period of days to weeks and recurrence is rare.

Another relevant CMP is tachycardia-induced CMP (TIC), defined as ventricular
dysfunction resulting from a prolonged increase of heart rate (generally a tachy-
arrhythmia) which is reversible upon control of the arrhythmia or the heart rate [21].
TIC may present itself at any age mimicking DCM or myocarditis. Supraventricular
tachycardias are more frequently involved than ventricular arrhythmias. Furthermore,
under this section we mentioned myocarditis as an acute or a chronic inflammatory
process affecting the myocardium produced by a wide variety of toxins and drugs or
infectious agents which, in some cases, can evolve in chronic inflammation and
DCM. In particular DCM secondary to myocarditis is more frequent in viral etiol-
ogy as it constitutes a trigger toward an autoimmune reaction that causes immuno-
logic damage to the myocardium, culminating in DCM with LV dysfunction.

Peri-partum CMP is characterized by signs of HF and LV systolic dysfunction
occurring during the last month of pregnancy or within 5 months of delivery [22]. It
seems to be linked with several risk factors such as one or more prior pregnancies,
multi-fetal pregnancy, older maternal age, high blood pressure.

Finally, CMP secondary to antineoplastic drugs (principally antracyclines) pres-
ents with a mixed hypokinetic-restrictive pattern.
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2.1 Introduction

When considering etiology, many cardiomyopathies (CMP) have a genetic origin;

some are acquired (inflammation, alcohol, drugs, etc.), whereas others may have a

mixed origin [1]. The relationships between gene mutations and phenotype are

complex and not always clear. One challenging point is the observation that muta-
tions in the same gene may cause different types of CMP; moreover, the various

CMP are characterized by great heterogeneity in clinical phenotypes. The key fea-

tures to note for different inheritance patterns are as follows:

* Autosomal dominant inheritance is characterized by the presence of affected
individuals in every generation, with the possibility of male-to-male transmis-
sion and a 50 % risk to offsprings of affected parents.

* Autosomal recessive inheritance is the least common pattern in heart-muscle
diseases. It should be suspected when both parents of the proband are unaffected
and consanguineous. Males and females are equally affected. Parents of an
affected child are obligate carriers, with a 25 % risk of having a carrier son/
daughter in each pregnancy.
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* X-linked inheritance should be suspected if males are the only or most severely
affected individuals. In X-linked inheritance, all daughters of an affected father
will be carriers and no male—male transmission is observed. A female carrier has
a 50 % risk of having affected sons and a 50 % risk of daughters that carry the
gene defect. In some X-linked disorders, such as Anderson-Fabry disease,
female carriers can develop milder and later disease because of unfavorable
inactivation of the X-chromosome (lionization) [2].

e Matrilineal (or mitochondrial) inheritance in which women but not men
transmit the disease to offspring (male and female) is typical of mutations in
mitochondrial DNA.

Although differences exist in the classification of major cardiac organizations,
genetic CMP have historically been broken down into several major phenotypic

categories: hypertrophic, dilated, arrhythmogenic, and restrictive [3].

2.2  Genetic Approach: From Genotype to Phenotype
2.2.1 Dilated Cardiomyopathy

Most genetic dilated cardiomyopathy (DCM) inheritance follows an autosomal
dominant pattern, although X-linked, recessive, and mitochondrial patterns of
inheritance occur as well. At least 30-50 % of DCM cases are familial, suggesting
the involvement of a defective gene [4]. X-linked DCM results from mutations in
the dystrophin gene. It may be clinically indistinguishable from idiopathic DCM
(IDCM) [5]. Creatine kinase levels are usually (but not always) elevated.

DCM is characterized by a high level of genetic complexity and involvement of
different structures of myocytes. Initially, DCM was considered to be a disease of
the cytoskeleton; later, it was demonstrated that other structures may be involved,
such as sarcomere, Z-disc, nucleoskeleton, mitochondria, desmosomes, sodium
and potassium channels, and lysosomal membrane [4, 6]. Mutations in >30 genes
across a wide variety of cellular components and pathways have been associated
with DCM. The most common sarcomeric mutations are reported in MYH7, in
TNNT2, in MYBPC3 [7, 8] and alpha-myosin heavy chain (MYH6). Hershberger
et al. also found rare variants in genes of the sarcomeric complex that “likely” or
“possibly” caused the disease in their study population [4]. Herman et al. reported
a high frequency of “deleterious variants” in the titin gene in a large, multicenter
DCM cohort [9]. Among known sarcomeric genes involved in DCM pathogenesis,
some, when mutated, can cause hypertrophic cardiomyopathy (HCM), restrictive
cardiomyopathy (RCM), and left ventricular (LV) noncompaction (LVNC). An
inevitable limitation is the considerable overlap encountered between categories
into which diseases have been segregated (overlap phenotypes). Merlo et al. found
that carriers of rare sarcomeric gene variants represented a subgroup of DCM
patients with a particularly severe phenotype characterized by a high frequency of
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ventricular arrhythmias, a high incidence of cardiovascular events, and pump failure
[10]. Furthermore, in lamin A/C (LMNA) gene mutation carriers, up to ten differ-
ent phenotypes (laminopathies) have been described, with variable involvement of
skeletal and/or cardiac muscle and also of white fat, peripheral nerves, bones, or
premature aging [11]. In this peculiar CMP, conduction disease can precede devel-
opment of DCM in some families, whereas in other families, DCM occurs first. The
practical significance is that individuals who may have mild DCM caused by LMNA
mutations may be at risk of sudden death (SD), whereas this scenario is highly
unlikely with most sarcomeric and all cytoskeletal abnormalities. Therefore, when
SD is seen in a family with mild DCM, testing for LMNA mutations may be helpful
and lead to early consideration for implanted cardiac defibrillator (ICD) therapy
[12]. Reports of increased arrhythmogenicity in SCN5A-associated [13] and des-
mosomal-associated [14] DCM indicate that a similar approach may be taken when
these mutations are identified.

2.2.2 Hypertrophic Cardiomyopathy

HCM is a genetic disease usually caused by mutations in genes encoding sarco-
meric and nonsarcomeric proteins. HCM is usually inherited as an autosomal dom-
inant trait; de novo mutations are rare. The major group includes sarcomeric
mutations (up to 90 %), in which 15 different genes have been identified [15];
nonsarcomeric (Z-disc or calcium-handling proteins) account for <1 % of cases,
and a further 5 % of patients have metabolic disorders, neuromuscular disease,
chromosome abnormalities, and genetic malformation syndromes [16].

After two decades of molecular research, the relationship between sarcomere
mutations and clinical outcome in patients with HCM has proven to be unreliable,
largely attributable to phenotypic heterogeneity, highly variable intra- and interfam-
ily expressivity, and incomplete penetrance. Among several sarcomeric genes iden-
tified, defects of beta-myosin heavy-chain (MYH7) and myosin-binding protein C
(MYBPC3) account for up to 70 % of HCM, followed by troponin T gene defects
(TNNI3, TNNT2) and other less commonly involved genes (ACTCI, CSRP3,
CRYAB, CAV3, MYH6, MYL2, MYL, TNNC1, TCAP, MYOZI, MYOZ2) [17].

Specific mutations in MYH7 (Arg403Gln, Arg453Cys, and Arg719Trp) appear
convincingly associated with adverse outcomes; however, data suggests that at-risk
patients carrying these mutations also display clinical risk factors at the time of
events, limiting the added prognostic benefit of genetic diagnosis [18].

An exception to this is HCM caused by mutations in cardiac TNNT2, which may
cause ventricular arrhythmias and SD in the absence of impressive morphologi-
cal (mild LV hypertrophy) or hemodynamic features (obstruction, diastolic dys-
function) [19]. Moreover, possible exceptions are emerging, including preliminary
data suggesting that double, triple, or compound sarcomere mutations (evident in
5 % of patients with HCM) [20] could be associated with greater disease severity,
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including SD, also in the absence of conventional risk factors [21]. In addition,
complicating the scenario, some HCM phenocopies, characterized by infiltra-
tive and storage CMP, can be caused by disorders of different genetic origin; for
example, those resulting from mutations in genes encoding protein kinase adenos-
ine monophosphate (AMP)-activated, gamma-2 noncatalytic subunit (PRKAG?2)
[22], lysosome-associated membrane protein 2 (LAMP2) (Danon disease), alpha-
galactosidase deficiency (Fabry disease), and transthyretin (TTR) protein (familial
amyloid TTR CMP). Moreover, an HCM phenotype may be present in other con-
genital diseases, such as Noonan syndrome and mitochondrial syndromes. Finally,
several studies have shown the important influences exerted by modifying genes
and lifestyle in HCM expression. Indeed, in some cases, modifier genes are neither
necessary nor sufficient to cause HCM because environmental influences, such as
diet, lifestyle, and exercise, can have a predominant role [23].

2.2.3 Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is another disease of
genetic origin and is usually characterized by mutations in genes encoding different
proteins mainly involving intercellular junctions (see Chaps. 19, 20, 21, 22, and 23).
These proteins (plakoglobin, desmoplakin, plakophilin, desmoglein, desmocollin)
are localized in the desmosomes and are important for maintaining tissue architec-
ture and integrity. In addition, nondesmosomal genes are described and include
transforming growth factor beta 3 (TGFP3) and transmembrane protein 43
(TMEMA43). Inheritance patterns are mainly autosomal dominant, but rare recessive
forms (Naxos disease and Carvajal syndrome) are also observed and well described.
In this disease, a high genetic complexity is suggested by the fact that ARVC may
be linked to genes related (or not) to the cell-adhesion complex: for example, genes
encoding cardiac ryanodine receptor 2 (RYR2) and transforming growth factor 3
(TGFB3). Furthermore, in ARVCS, TMEM43 gene mutation causes a fully pene-
trant disease variant with lethal arrhythmic outcome [24]. In a large ARVC cohort,
Rigato et al confirmed that carriers of more than one gene mutation (compound-
digenic heterozygosity) have a high risk factor for lifetime major arrhythmic events
and SD [25]. Moreover, Taylor et al provide evidence that titin mutations can also
cause ARVC, given that structural impairment of the titin spring constitutes a novel
mechanism underlying myocardial remodelling and SD [26].

2.2.4 Other Cardiomyopathies

RCM and LVNC have been classified individually, but evidence exists for consid-
erable overlap between these syndromes and HCM and DCM. Familial RCM is
increasingly recognized as a specific phenotype within the HCM spectrum [27].
Similarly, LVNC is an imaging diagnosis with profound overlap with both DCM
and HCM phenotypes and their disease-causing mutations [28]. For LVNC, the
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definition of the clinical phenotype remains under debate, and population
prevalence varies widely depending on the cohort examined and the diagnostic
criteria utilized [29].

In conclusion, genetic testing is becoming an important tool for a personalized
medical approach to CMP. However, it must not be viewed as a simple blood test: a
negative genetic test can never, by itself, rule out the presence of the CMP. Likewise,
a positive genetic test must be carefully considered as only one component of a
comprehensive cardiogenetic evaluation, together with an accurate clinical diagno-
sis, an understanding of the probabilistic nature of genetic testing, and an accurate
family history [30].

2.3  Clinical Approach: From Phenotype to Genotype

The clinical approach should define the characteristics of CMP and should also
explore, when present, the characteristics of involvement of other organs and sys-
tems. This approach does not necessarily involve the use of novel or particularly
sophisticated tests; however, it requires a detailed analysis of the proband and an
in-depth assessment of family background. The construction of a three- four-
generation family pedigree must record not only the presence or absence of CMP in
relatives, but also other features that support the diagnosis of a genetic cardiovascu-
lar disorder (SD, heart failure, cardiac transplantation, insertion of pacemakers or

ICD, and stroke at a young age). Noncardiac manifestations in relatives, such as

neuromuscular disease, osteoarticular disorder, mental retardation, abnormal cra-

niofacial features, sensorineural hearing loss, visual impairment, skin and hair
abnormalities, chronic kidney disease, hematopoietic, endocrine, and genital disor-

ders, also provide diagnostic clues (Tables 2.1 and 2.2).

CMP may also be a feature of rare congenital dysmorphic syndromes that are
diagnosed during infancy and childhood [31]. A detailed description of these disor-
ders is outside of the aim of this chapter. It is evident that CMP are a common fea-
ture of multisystem diseases. The mechanisms of multiorgan involvement are
heterogeneous, and a complete evaluation includes researching red flags, such as the
following [32, 33]:

* Physical examination (Tables 2.1 and 2.2)

* Electrocardiogram abnormalities (Table 2.3)

* Laboratory tests (Table 2.4)

» Echocardiography/cardiac magnetic resonance: hypertrophy pattern, pericardial
effusion, valve thickening, bulging, sacculations, sparkling myocardium texture,
late gadolinium enhancement (LGE) (Table 2.5). Some typical features are
described, such as LGE localized to the inferolateral wall in patients with
Anderson—Fabry disease or dystrophinopathies and to the circumferential sub-
endocardial wall in cardiac amyloidosis. The echocardiogram remains the first-
line imaging tool in patients with suspected CMP. It has a central role in defining
the morphological and functional phenotype and in guiding treatment decisions.
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Table 2.1 Examples of
signs and symptoms that
should raise suspicion of
specific diagnoses grouped
according to the main
cardiac features

Phenotypic finding

Sensorineural
deafness

Muscle weakness

Learning difficulties,
mental retardation

Myotonia
(involuntary muscle
contraction with
delayed relaxation)
Paraesthesia/sensory
abnormalities/
neuropathic pain

Cardiac
features

HCM

DCM

HCM

DCM

RCM
HCM

DCM

RCM

HCM

RCM

F.Brun etal.

Diseases to consider
Mitochondrial diseases
Anderson—Fabry disease
LEOPARD syndrome
Epicardin mutation
Mitochondrial diseases
Mitochondrial diseases
Glycogenosis
Dystrophinopathies
Sarcoglycanopathies
Laminopathies
Myotonic dystrophy
Desminopathies
Desminopathies
Mitochondrial diseases
Noonan Syndrome
Danon disease
Dystrophinopathies
Mitochondrial diseases
Myotonic dystrophy
FKTN mutations
Noonan syndrome
Myotonic dystrophy (type
1 and type 2)

Amyloidosis
Anderson—Fabry disease
Amyloidosis

HCM hypertrophic cardiomyopathy, DCM dilated cardio-

myopathy,
syndrome

RCM restrictive cardiomyopathy,
lentigines, echocardiograph conduction abnor-

LEOPARD

malities, ocular hypertelorism, pulmonary stenosis, abnormal
genitalia, retardation of growth, and sensorineural deafness,

FKTN fukutin

As with all imaging modalities, echocardiography rarely suggests a specific
etiology, but it can be helpful in the context of a number of features in directing

further investigation.

e Others: exercise test, nuclear imaging, endomyocardial biopsy

The key to diagnostic success is, therefore, a CMP-centered approach to clinical
assessment coupled with a systematic stepwise use of cardiac and noncardiac diag-
nostic tests. The comparative diagnosis between different forms is also important
from a prognostic and sometimes therapeutic point of view. Some clinical features
of CMP can also vary within the same family, a phenomenon that indicates that
sometimes there is not a clear-cut relationship between the mutation and its clinical

consequences [34, 35].
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Table 2.2 Examples of skin/eyes signs that should raise suspicion of specific cardiac features

Cardiac
Phenotypic finding features Disease to be considered
Visual impairment HCM TTR-related amyloidosis (vitreous
opacities, cotton wool type)
Danon disease (retinitis pigmentosa)
Anderson—Fabry disease (cataracts, corneal
opacities)
DCM CRYAB (polar cataract) type 2 myotonic

dystrophy (subcapsular cataract)
Carpal tunnel syndrome (bilateral) HCM TTR-related amyloidosis

RCM Amyloidosis
Lentigines/café au lait spots HCM LEOPARD syndrome
Angiokeratoma hypohidrosis HCM Anderson—Fabry disease
Palmoplantar keratoderma, woolly ARVC Naxos and Carvajal syndromes

hair

HCM hypertrophic cardiomyopathy, DCM dilated cardiomyopathy, RCM restrictive cardiomyopa-
thy, ARVC arrhythmogenic right ventricular cardiomyopathy, 77R transthyretin protein, LEOPARD
syndrome lentigines, echocardiograph conduction abnormalities, ocular hypertelorism, pulmonary
stenosis, abnormal genitalia, retardation of growth, and sensorineural deafness

Table 2.3 Laboratory findings that should raise the suspicion of specific cardiac features

High serum creatine HCM Mitochondrial diseases
kinase (CK) Glycogenosis
Danon disease
DCM Dystrophinopathies
Sarcoglycanopathies

Zaspopathies (LDB3 gene)
Laminopathies

Myotonic dystrophy
FKTN mutations
RCM Desminopathies
Myofibrillar myopathies
Proteinuria with/without HCM Anderson—Fabry disease
low glomerular filtration ~RCM Amyloidosis
rate
High transaminase HCM Mitochondrial diseases
Glycogenosis
Danon disease
High transferrin DCM Hemochromatosis
saturation/ RCM
hyperferritinemia
Lactic acidosis HCM Mitochondrial diseases
DCM
Myoglobinuria HCM Mitochondrial diseases
DCM
Leukocytopenia HCM Mitochondrial diseases (TAZ gene/Barth syndrome)
DCM

HCM hypertrophic cardiomyopathy, DCM dilated cardiomyopathy, RCM restrictive cardiomyopathy,
ARVC arrhythmogenic right ventricular cardiomyopathy, 77R transthyretin protein, LEOPARD syn-
drome lentigines, echocardiograph conduction abnormalities, ocular hypertelorism, pulmonary steno-
sis, abnormal genitalia, retardation of growth, and sensorineural deafness, FKTN fukutin, TAZ tafazzin
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Table 2.4 Examples of electrocardiographic (ECG) abnormalities that should raise the suspicion
of specific diagnoses grouped according to the main cardiac features

Phenotypic finding
Short PR/pre-excitation (WPW like)

AV block

Extreme LV hypertrophy (Sokolow criteria)

Low QRS voltage
Low P wave amplitude atrial standstill
Q waves in posterolateral leads

Inverted T waves in inferolateral leads
Epsilon waves in inferolateral leads

Cardiac
features

HCM

HCM

DCM

RCM
HCM
HCM

DCM
DCM

ARVC

Diseases to be considered
Glycogenosis

Danon

PRKAG2

Anderson—Fabry

Mitochondrial disease
Amyloidosis

Danon disease

Laminopathy

Emery Dreifuss

Sarcoidosis

Desminopathy

Desmin-related cardiomyopathy
Amyloidosis

Danon disease

Pompe disease

Amyloidosis

Emery Dreifuss
Dystrophin-related cardiomyopathy
Limb-girdle muscular dystrophy
Sarcoidosis

ARVC with biventricular
involvement

WPW Wolff-Parkinson-White syndrome, AV arteriovenous, LV left ventricular, HCM hypertrophic
cardiomyopathy, DCM dilated cardiomyopathy, RCM restrictive cardiomyopathy, ARVC arrhyth-
mogenic right ventricular cardiomyopathy, PRKAG2 protein kinase, AMP-activated, gamma 2

noncatalytic subunit

Table 2.5 Echocardiographic diagnostic clues grouped according to main morphological

phenotype

Phenotypic findings

Increased interatrial septum thickness
Increased atrioventricular valve thickness
Increased RV free-wall thickness

Mild—-moderate pericardial effusion
Ground-glass appearance of ventricular
myocardium

Concentric LVH

Extreme concentric LVH

Global hypokinesia (with/without LV
dilatation)

Cardiac
features

HCM

Diseases to be considered
Amyloidosis

Amyloidosis; Anderson—Fabry disease
Amyloidosis, myocarditis, Anderson—
Fabry disease

Amyloidosis, myocarditis
Amyloidosis

Glycogenosis, Anderson—Fabry disease
Danon disease, Pompe disease
Anderson—Fabry; mitochondrial disease;
TTR-related amyloidosis; PRKAG2
mutations; Danon disease; myocarditis;
end-stage sarcomeric HCM
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Table 2.5 (continued)

Cardiac
Phenotypic findings features Diseases to be considered
LV noncompaction DCM  Genetic DCM (more frequently
sarcomeric mutations)
Posterolateral akinesia/dyskinesia Dystrophin-related cardiomyopathy
Mild (absent) dilatation + akinetic/ Myocarditis; sarcoidosis
dyskinetic segments with noncoronary
distribution
Coexistent LV segmental dysfunction ARVC  Biventricular ARVC
Partial LV or RV apical obliteration RCM Endomyocardial fibrosis/

hypereosinophilia

LVH left ventricular hypertrophy, LV left ventricle, RV right ventricle, HCM hypertrophic cardio-
myopathy, DCM dilated cardiomyopathy, RCM restrictive cardiomyopathy, ARVC arrhythmogenic
right ventricular cardiomyopathy, PRKAG?2 protein kinase

Conclusions

Genotype—phenotype relationships are not always simple and clear, and diagnos-
tic approach and possible interpretations may be complex. Different mutations in
the same gene can cause apparently identical phenotypes as well as be associated
with phenotypes that are radically different one from the other. It is necessary to
bring genetics closer to clinical practice, to create a bridge between clinical
observation and molecular genetics, thus helping identify a possible specific
genetic background. Clinical assessment should not be restricted to cardiological
examinations; indeed, CMP represent a challenging interface between cardiol-
ogy and many other medical specialties. Another important aspect is recognizing
red flags, which guide rational selection of further diagnostic tests, including
genetic analysis, and thereby identification of specific CMP subtypes. Arbustini
et al. proposed a descriptive nosology that combines morphofunctional traits and
organ-system involvement with familial inheritance patterns, identified genetic
defects, or other etiologies [36]. The current body of knowledge suggests a
genetic basis for understanding CMP pathophysiology, provides potential targets
for therapeutic intervention, contributes to diagnosis, allows for cascade screen-
ing, and occasionally informs prognosis [33].
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3.1 Introduction

Basic and advanced imaging plays a pivotal role in cardiomyopathies (CMP), not only
for determining the diagnosis but also for assessing prognosis, guiding patient man-
agement, detecting disease progression, evaluating treatment, and screening asymp-
tomatic relatives of individuals affected by familial forms of the disease (Table 3.1).

3.2 Diagnosis

Transthoracic echocardiography (TTE) is an optimal, low-cost, highly reproducible,
noninvasive diagnostic tool that can often provide a comprehensive evaluation of the
typical morphological and functional characteristics of CMP. However, different
CMP can share common echocardiographic features, and differential diagnosis
among the specific types of CMP can be particularly difficult. For example, left ven-
tricular (LV) dilation and systolic dysfunction can be found not only in idiopathic
dilated cardiomyopathy (DCM) but also in advanced hypertrophic cardiomyopathy
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Table 3.1 Main objectives of imaging studies in cardiomyopathies (CMP)

Objectives

Diagnosis Evaluate typical morphological and functional characteristics of CMP and
differential diagnosis (red flags)

Prognosis Imaging indices with prognostic value: LV dilation and systolic/diastolic
dysfunction (RFP), LV remodeling and dyssynchrony, LV viability, RV
involvement, functional MR and TR, intracavitary thrombosis, LA dilation,
pulmonary hypertension, LV OT gradient, LGE, abnormal MIBG uptake

Follow-up Detect changes in functional cardiac parameters
Evaluate reversible forms of CMP

Treatment Measure LV EF for indication to ICD or CRT
Detect valvulopathy for correction (percutaneous vs. surgical)
Detect ischemia for revascularization
Detect intracavitary thrombosis for anticoagulation
Role in the evaluation for heart transplantation
LV OT obstructive gradient for septal reduction
Indicate pericardial resection in CP

Screening Familial disease forms

CP constrictive pericarditis, CRT cardiac resynchronization therapy, EF ejection fraction, /CD
implantable cardioverter defibrillator, LA left atrial, LGE late gadolinium enhancement, LV left
ventricular, MIBG 123-metaiodobenzylguanidine, MR mitral regurgitation, OT outflow tract, RFP
restrictive filling pattern, RV right ventricular, TR tricuspid regurgitation

(HCM), arrhythmogenic right ventricular cardiomyopathy (ARVC) with biventricular
involvement, myocarditis, and — more commonly — in ischemic, hypertensive, or val-
vular heart diseases [1]. Some authors have therefore suggested the search for diag-
nostic clues (red flags) to identify specific pathologies and discriminate among the
various diseases [2]: namely, in the presence of a hypertrophic phenotype, a ground-
glass appearance of the myocardium associated with increased thickness of interatrial
septum, atrioventricular valves, and right ventricular (RV) wall, as well as mild peri-
cardial effusion, are imaging clues suggesting the diagnosis of cardiac amyloidosis
(CA). Furthermore, transesophageal echocardiography (TEE) and stress echocar-
diography can add some information in specific patients. In particular, TEE can better
assess the mechanism and severity of valvular diseases; dobutamine stress echocar-
diography can detect a biphasic response typical of ischemic heart disease and distin-
guish between true aortic valve stenosis and pseudostenosis associated with DCM.
Advanced noninvasive imaging techniques, such as cardiac magnetic resonance
(CMR) imaging, computed tomography (CT), and nuclear imaging, can be useful in
selected and more challenging cases in which echocardiography does not provide a
definite diagnosis. CMR, in particular, permits a highly accurate measure of LV and
RV volumes, ejection fraction (EF), wall thickness, and mass; moreover, it is consid-
ered the diagnostic method of choice for anatomical and functional RV evaluation in
suspected ARVC [3] and for distinguishing between LV noncompaction versus DCM
with prominent apical trabeculations or apical HCM [4]. The presence and distribu-
tion pattern of late gadolinium enhancement (LGE) is paramount in differentiating
ischemic heart disease from other forms of CMP [5]. In case of suspected myocardi-
tis, CMR can provide additional information, detecting myocardial edema in the
acute phase of the disease [6]. Moreover, thanks to its high negative predictive value
for coronary artery disease diagnosis, coronary angio-CT is useful to distinguish
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between ischemic and nonischemic CMP [7]. Nuclear imaging can add important
information regarding myocardial perfusion and viability. Furthermore, sympathetic
cardiac imaging is now employed to study myocardial intake of 123-metaiodoben-
zylguanidine (MIBG), which is significantly reduced in idiopathic DCM [8].

3.3  Prognosis

The major prognostic echocardiographic markers in DCM patients are the amount of
LV dilation and systolic dysfunction, LV remodeling and dyssynchrony [9], RV
involvement [10], functional mitral regurgitation (MR) [11], intracavitary thrombo-
sis [12], and a restrictive filling pattern (RFP) of the LV [13]. A previous study dem-
onstrated the value of monitoring the LV filling pattern with TTE during invasive
treatment: reversibility of the RFP was correlated with better long-term outcome
[14]. Also, reassessment of the LV filling pattern after optimal medical therapy is
essential, given the fact that a persistent RFP denotes a worse prognosis [15]. Finally,
the presence of viability shown on a dobutamine stress test is correlated with better
survival and higher likelihood of improved LV function in DCM patients [16].

Regarding HCM, several echocardiographic parameters have demonstrated
prognostic value: a maximum wall thickness >30 mm is considered one of the major
risk factors for sudden death (SD); moreover, a resting LV outflow tract (OT) gradi-
ent >30 mmHg, presence of LV systolic dysfunction, apical aneurysms, increased
LV mass, and left atrial (LA) dilation denote a worse prognosis [17-19]. As in
DCM, evidence of diastolic dysfunction has clinical and prognostic value also in
HCM: the presence or persistence of RFP identifies more symptomatic patients with
a significantly worse prognosis and with increased risk of evolution to end-stage
HCM [17, 20].

In restrictive cardiomyopathy (RCM), transmitral- and pulmonary-vein-flow
Doppler imaging patterns not only allow assessment of hemodynamic severity of
the disease but also have prognostic value [13]. Furthermore, LA diameter >60 mm
is a negative prognostic factor, especially in older patients with advanced New York
Heart Association (NYHA) class [21]. In ARVC, evidence of severe RV dilation
and dysfunction, as well as LV involvement, portends a worse prognosis [22, 23]. In
CA, LV wall thickness >15 mm, LV fractional shortening <20 %, and presence of
RFP characterize patients with lower survival potential [24, 25].

Studies on myocarditis show that LV dysfunction at diagnosis indicates a worse
outcome even in the absence of clinical signs of heart failure (HF) [26, 27]. Other
authors demonstrated that RV systolic dysfunction is an independent predictor of
adverse outcome in these patients [28].

Also CMR provides important information when risk stratifying patients with
CMP, particularly by detecting LGE, which is consistent with fibrosis. In DCM
patients, baseline presence and transmurality of LGE in a myocardial segment are
inversely related to its functional improvement at follow-up, even in optimal medi-
cal therapy [29], and are markers of diastolic dysfunction [30]. Presence and extent
of LGE also demonstrate an association with adverse outcome [31]. Therefore,
according to some authors, LGE might help in the arrhythmic risk stratification of
patients, indicating use of an implantable cardioverter defibrillator (ICD) [31].
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LGE, particularly in the lateral and posterior LV wall, is also inversely related to
functional improvement after cardiac resynchronization therapy (CRT) [32].

In HCM, the evidence of myocardial ischemia (in the absence of epicardial disease)
and abnormal myocardial blood flow reserve (compatible with microvascular dysfunc-
tion) detected with CMR and positron emission tomography (PET) is associated with
arrhythmias, LV remodeling, systolic dysfunction, and risk of cardiovascular mortality
[33]. Moreover, presence of diffuse LGE at CMR is a risk factor for SD in HCM, in
association with maximal LV wall thickness and evidence of LV OT obstruction [34].
The presence of LGE denotes an increased mortality risk also in patients with myocar-
ditis [35, 36]. Finally, analysis of sympathetic cardiac innervation with MIBG may be
prognostically useful in HF patients and may help in selecting patients for ICD therapy:
preliminary data indicate that abnormal MIBG uptake is a predictor for ventricular
arrhythmia recurrence [37], increased incidence of SD, and appropriate ICD discharges
[38]. Also, it is independently related to HF progression and cardiac mortality risk [39].

34 Follow-up

TTE is the imaging approach of choice for the follow-up of patients with CMP.
Serial TTE evaluations during disease course demonstrate incremental prognostic
value compared with the single basal TTE assessment [26, 27]. Furthermore, medi-
cal treatment must be adjusted according to clinical parameters as well as to echo-
cardiographic data at follow-up [40]. Additionally, TTE examinations are pivotal
for detecting deterioration as well as improvement in functional cardiac parameters,
considering the fact that initial indications for aggressive and invasive treatments
might no longer persist after optimal medical therapy [41].

In DCM, detecting LV systolic function improvement [42], reverse LV remodel-
ing, and RFP reversibility [15] allows identification of patients with excellent long-
term outcome [41].

Furthermore, a subgroup of HCM patients (~5 %) can present evolution with LV
remodeling and progressive LV dilation and dysfunction, with wall thinning and
diffuse LV hypokinesis resembling DCM. In this phase, a differential diagnosis
between the two CMP is particularly difficult; serial imaging evaluation is therefore
important to detect disease evolution [43].

Finally, TTE assessment at follow-up is important in assessing the evolution of
the reversible forms of CMP (inflammatory, alcoholic, tachy-induced, stress-
induced, chemotherapy-induced, hypertensive, peripartum): normalization of echo-
cardiographic parameters once the etiological factor is removed denotes an excellent
prognosis [26, 27].

3.5 Treatment
Imaging has an important role in managing patients with CMP and provides useful

information necessary for choosing the best treatment option. Accurate imaging
assessment of LV EF is important for indicating ICD and CRT. Furthermore,
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evaluation of mechanical dyssynchrony demonstrates potential value for selecting
patients for CRT. Detecting valvulopathy associated with LV dysfunction has
important therapeutic consequences: functional MR in DCM can be treated with
mitral annuloplasty [44] and percutaneous mitral valve (MV) repair with MitraClip
implantation [45]. Echocardiography plays an important role in patient selection,
during the procedure, and in the follow-up of these patients. Diagnosing ischemic
CMP has potential therapeutic implications such as percutaneous or surgical revas-
cularization, particularly if reversibility of LV dysfunction is demonstrated at dobu-
tamine stress test. Identifying intracavitary thrombosis or spontaneous echocontrast
in association with severe LV systolic dysfunction might indicate the need for anti-
coagulation therapy.

Patients with DCM and severe HF refractory to medical therapy are usually
referred to heart transplantation. Indications do not include echocardiographic data.
However, a complete echo-Doppler study is helpful in excluding potential contrain-
dications (severe pulmonary hypertension), in selecting alternative treatment strate-
gies, and in supporting prognostic assessment; for instance, persistent RFP might
have an additional incremental value in patient selection for this treatment [46].

Detection of a significant LV intraventricular obstructive gradient at rest or dur-
ing echo stress in HCM patients suggests the possible indication for surgical or
percutaneous septal reduction [47]. Contrast echocardiography (with contrast injec-
tion in septal coronary vessels during coronary angiography) provides guidance
during percutaneous alcohol septal ablation by identifying the vessel that supplies
the targeted myocardial territory [48]. Intraoperative TEE offers important informa-
tion during surgical septal myectomy. In addition, MV abnormalities are rather
common in HCM: evaluation of MV anatomical features predictive of successful
valve repair therefore seems important [49].

Finally, distinguishing between RCM and constrictive pericarditis (CP) by imag-
ing pericardial thickening using CMR or CT, and studying respiratory variations of
transmitral and tricuspid velocities by Doppler TTE have important therapeutic
implications given the possibility of surgical treatment with pericardial resection
in CP.

3.6 Screening

Imaging plays arole also in screening asymptomatic relatives of individuals affected
by familial forms of the disease. TTE is the most feasible technique in this setting.
CMR should be considered in selected patients with equivocal TTE.

References

1. Pinamonti B, Cacciatore G (2002) Dilated cardiomyopathy: indication and role of non-invasive
instrumental evaluation. Ital Heart J Suppl 3:405-411

2. Rapezzi C, Arbustini E, Caforio AL et al (2013) Diagnostic work-up in cardiomyopathies:
bridging the gap between clinical phenotypes and final diagnosis. A position statement from
the ESC Working Group on Myocardial and Pericardial Diseases. Eur Heart J 34:1448-1458



30

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

E. Abate et al.

. Blake LM, Scheinman MM, Higgins CB (1994) MR features of arrhythmogenic right ven-
tricular dysplasia. AJR Am J Roentgenol 162:809-812

. Cheng H, Zhao S, Jiang S et al (2011) Comparison of cardiac magnetic resonance imaging
features of isolated left ventricular non-compaction in adults versus dilated cardiomyopathy in
adults. Clin Radiol 66:853-860

. McCrohon JA, Moon JC, Prasad SK et al (2003) Differentiation of heart failure related to
dilated cardiomyopathy and coronary artery disease using gadolinium-enhanced cardiovascu-
lar magnetic resonance. Circulation 108:54-59

. Friedrich MG, Strohm O, Schulz-Menger J et al (1998) Contrast media-enhanced magnetic
resonance imaging visualizes myocardial changes in the course of viral myocarditis.
Circulation 97:1802-1809

. Budoff MJ, Shavelle DM, Lamont DH et al (1998) Usefulness of electron beam computed
tomography scanning for distinguishing ischemic from nonischemic cardiomyopathy. J] Am
Coll Cardiol 32:1173-1178

. Glowniak JV, Turner FE, Gray LL et al (1989) Iodine-123 metaiodobenzylguanidine imaging
of the heart in idiopathic congestive cardiomyopathy and cardiac transplants. J] Nucl Med
30:1182-1191

. Douglas PS, Morrow R, Ioli A et al (1989) Left ventricular shape, afterload and survival in

idiopathic dilated cardiomyopathy. J Am Coll Cardiol 13:311-315

Ghio S, Recusani F, Klersy C et al (2000) Prognostic usefulness of the tricuspid annular plane

systolic excursion in patients with congestive heart failure secondary to idiopathic or ischemic

dilated cardiomyopathy. Am J Cardiol 85:837-842

Junker A, Thayssen P, Nielsen B et al (1993) The hemodynamic and prognostic significance of

echo-Doppler-proven mitral regurgitation in patients with dilated cardiomyopathy. Cardiology

83:14-20

Faris R, Coats AJ, Henein MY (2002) Echocardiography-derived variables predict outcome in

patients with nonischemic dilated cardiomyopathy with or without a restrictive filling pattern.

Am Heart J 144:343-350

Pinamonti B, Di Lenarda A, Sinagra G et al (1993) Restrictive left ventricular filling pattern in

dilated cardiomyopathy assessed by Doppler echocardiography: clinical, echocardiographic

and hemodynamic correlations and prognostic implications. Heart Muscle Disease Study

Group. J Am Coll Cardiol 22:808-815

Pozzoli M, Traversi E, Cioffi G et al (1997) Loading manipulations improve the prognostic

value of Doppler evaluation of mitral flow in patients with chronic heart failure. Circulation

95:1222-1230

Pinamonti B, Zecchin M, Di Lenarda A et al (1997) Persistence of restrictive left ventricular

filling pattern in dilated cardiomyopathy: an ominous prognostic sign. ] Am Coll Cardiol

29:604-612

Pinamonti B, Perkan A, Di Lenarda A et al (2002) Dobutamine echocardiography in idiopathic

dilated cardiomyopathy: clinical and prognostic implications. Eur J Heart Fail 4:49-61

Pinamonti B, Di Lenarda A, Nucifora G et al (2008) Incremental prognostic value of restrictive

filling pattern in hypertrophic cardiomyopathy: a Doppler echocardiographic study. Eur J

Echocardiogr 9:466-471

Thaman R, Gimeno JR, Murphy RT et al (2005) Prevalence and clinical significance of sys-

tolic impairment in hypertrophic cardiomyopathy. Heart 91:920-925

Yang H, Woo A, Monakier D et al (2005) Enlarged left atrial volume in hypertrophic cardio-

myopathy: a marker for disease severity. ] Am Soc Echocardiogr 18:1074-1082

Pinamonti B, Merlo M, Nangah R et al (2010) The progression of left ventricular systolic and

diastolic dysfunctions in hypertrophic cardiomyopathy: clinical and prognostic significance.

J Cardiovasc Med (Hagerstown) 11:669-677

Ammash NM, Seward JB, Bailey KR et al (2000) Clinical profile and outcome of idiopathic

restrictive cardiomyopathy. Circulation 101:2490-2496

Pinamonti B, Dragos AM, Pyxaras SA et al (2011) Prognostic predictors in arrhythmogenic

right ventricular cardiomyopathy: results from a 10-year registry. Eur Heart J 32:1105-1113



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

Role of Basic and Advanced Imaging in Cardiomyopathies 31

Sen-Chowdhry S, Morgan RD, Chambers JC et al (2010) Arrhythmogenic cardiomyopathy:
etiology, diagnosis, and treatment. Annu Rev Med 61:233-253

Buja LM, Khoi NB, Roberts WC (1970) Clinically significant cardiac amyloidosis.
Clinicopathologic findings in 15 patients. Am J Cardiol 26:394-405

Klein AL, Hatle LK, Taliercio CP et al (1991) Prognostic significance of Doppler measures of
diastolic function in cardiac amyloidosis. A Doppler echocardiography study. Circulation
83:808-816

Anzini M, Moretti M, Merlo M et al (2013) Controversial issues and working practice in myo-
carditis: from scientific data to clinical grounds. G Ital Cardiol (Rome) 14:504-516

Anzini M, Merlo M, Sabbadini G et al (2013) Long-term evolution and prognostic stratifica-
tion of biopsy-proven active myocarditis. Circulation 128:2384-2394

Mendes LA, Dec GW, Picard MH et al (1994) Right ventricular dysfunction: an independent
predictor of adverse outcome in patients with myocarditis. Am Heart J 128:301-307

Leong DP, Chakrabarty A, Shipp N et al (2012) Effects of myocardial fibrosis and ventricular
dyssynchrony on response to therapy in new-presentation idiopathic dilated cardiomyopathy:
insights from cardiovascular magnetic resonance and echocardiography. Eur Heart J 33:640-648
Moreo A, Ambrosio G, De Chiara B et al (2009) Influence of myocardial fibrosis on left ven-
tricular diastolic function: noninvasive assessment by cardiac magnetic resonance and echo.
Circ Cardiovasc Imaging 2:437-443

Iles L, Pfluger H, Lefkovits L et al (2011) Myocardial fibrosis predicts appropriate device
therapy in patients with implantable cardioverter-defibrillators for primary prevention of sud-
den cardiac death. J] Am Coll Cardiol 57:821-828

Chalil S, Foley PW, Muyhaldeen SA et al (2007) Late gadolinium enhancement-cardiovascular
magnetic resonance as a predictor of response to cardiac resynchronization therapy in patients
with ischaemic cardiomyopathy. Europace 9:1031-1037

Maron MS, Olivotto I, Maron BJ et al (2009) The case for myocardial ischemia in hypertro-
phic cardiomyopathy. J Am Coll Cardiol 54:866-875

Olivotto I, Gistri R, Petrone P et al (2003) Maximum left ventricular thickness and risk of sud-
den death in patients with hypertrophic cardiomyopathy. J Am Coll Cardiol 41:315-321
Grun S, Schumm J, Greulich S et al (2012) Long-term follow-up of biopsy-proven viral myo-
carditis: predictors of mortality and incomplete recovery. J Am Coll Cardiol 59:1604-1615
Mabhrholdt H, Wagner A, Deluigi CC et al (2006) Presentation, patterns of myocardial damage,
and clinical course of viral myocarditis. Circulation 114:1581-1590

Akutsu Y, Kaneko K, Kodama Y et al (2008) Cardiac sympathetic nerve abnormality predicts
ventricular tachyarrhythmic events in patients without conventional risk of sudden death. Eur
J Nucl Med Mol Imaging 35:2066-2073

Nagahara D, Nakata T, Hashimoto A et al (2008) Predicting the need for an implantable car-
dioverter defibrillator using cardiac metaiodobenzylguanidine activity together with plasma
natriuretic peptide concentration or left ventricular function. J Nucl Med 49:225-233

Kasama S, Toyama T, Sumino H et al (2008) Prognostic value of serial cardiac 123I-MIBG
imaging in patients with stabilized chronic heart failure and reduced left ventricular ejection
fraction. J Nucl Med 49:907-914

Merlo M, Pyxaras SA, Pinamonti B et al (2011) Prevalence and prognostic significance of left
ventricular reverse remodeling in dilated cardiomyopathy receiving tailored medical treat-
ment. J] Am Coll Cardiol 57:1468-1476

. Zecchin M, Merlo M, Pivetta A et al (2012) How can optimization of medical treatment avoid

unnecessary implantable cardioverter-defibrillator implantations in patients with idiopathic
dilated cardiomyopathy presenting with “SCD-HeFT criteria?”. Am J Cardiol 109:729-735
Cintron G, Johnson G, Francis G et al (1993) Prognostic significance of serial changes in left
ventricular ejection fraction in patients with congestive heart failure. The V-HeFT VA
Cooperative Studies Group. Circulation 87(6 Suppl):VI17-VI23

Olivotto I, Cecchi F, Gistri R et al (2006) Relevance of coronary microvascular flow impair-
ment to long-term remodeling and systolic dysfunction in hypertrophic cardiomyopathy. ] Am
Coll Cardiol 47:1043-1048



32

44.

45.

46.

47.

48.

49.

E. Abate et al.

Bolling SF, Pagani FD, Deeb GM et al (1998) Intermediate-term outcome of mitral reconstruc-
tion in cardiomyopathy. J Thorac Cardiovasc Surg 115:381-388

Franzen O, van der Heyden J, Baldus S et al (2011) MitraClip(R) therapy in patients with end-
stage systolic heart failure. Eur J Heart Fail 13:569-576

Hansen A, Haass M, Zugck C et al (2001) Prognostic value of Doppler echocardiographic
mitral inflow patterns: implications for risk stratification in patients with chronic congestive
heart failure. J] Am Coll Cardiol 37:1049-1055

Olivotto I, Montereggi A, Mazzuoli F et al (1999) Clinical utility and safety of exercise testing
in patients with hypertrophic cardiomyopathy. G Ital Cardiol 29:11-19

Faber L, Seggewiss H, Gleichmann U (1998) Percutaneous transluminal septal myocardial
ablation in hypertrophic obstructive cardiomyopathy: results with respect to intraprocedural
myocardial contrast echocardiography. Circulation 98:2415-2421

Kaple RK, Murphy RT, DiPaola LM et al (2008) Mitral valve abnormalities in hypertrophic
cardiomyopathy: echocardiographic features and surgical outcomes. Ann Thorac Surg
85(5):1527-1535



Partll

Dilated Cardiomyopathy



Marco Merlo, Anita Spezzacatene, Davide Stolfo,
Francesca Brun, and Gianfranco Sinagra

4.1 Introduction

Dilated cardiomyopathy (DCM) is a heart-muscle disorder characterized by systolic
dysfunction and dilatation of the left ventricular (LV) cavity, with normal LV wall
thickness. Sometimes, both ventricles are dilated and dysfunctional, but the involve-
ment of the right ventricle (RV) is neither necessary nor sufficient for the diagnosis
of DCM. This disease represents a relevant health problem in adult and pediatric
populations, as it is associated with important morbidity and mortality rates and
with frequent hospital admissions. Moreover, it is the third cause of heart failure
(HF) and the first cause of heart transplant.

The estimated prevalence of DCM is about 1:2,500 of the general population,
whereas the incidence is about 7:100,000 inhabitants per year [1]. However, due to
the fact that many patients remain asymptomatic for a very long period until the
onset of a marked ventricular dysfunction, the real incidence and prevalence of
DCM could be significantly higher than the reported.

Males are more frequently affected than females, with an ~3:1 ratio [1], and
symptoms tend to be age related, as they appear more frequently around the fourth
to fifth decade of life, even though pediatric onset is not so rare. Familial/genetic
forms are usually characterized by incomplete penetrance and variable age-related
expression.
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4.2 Etiology

DCM can be familial or nonfamilial. Familial DCM accounts for only 30-48 % of
cases of DCM, and the main pattern of inheritance is autosomal dominant (56 %).
Autosomal recessive pattern accounts for 16 % of cases with genetic characteriza-
tion, followed by X-linked forms (10 %), autosomal dominant forms associated with
subclinical skeletal muscle disease (7.7 %), and nonclassifiable forms (7.7 %) [2].

The majority of nonfamilial forms have an acquired etiology, such as cardiotoxic
drugs, alcohol abuse, heavy metals, autoimmune disorders, neuromuscular diseases,
or infective agents, such as viral (coxsackievirus, adenovirus, parvovirus, HIV),
bacterial (Borrelia, Rickettsia), mycobacterial, and fungal or parasitic (Trypanosoma
cruzi). However, a genetic cause can be found in some apparently sporadic cases
(new mutation, incomplete penetrance). Finally, a consistent group of DCM has no
apparent cause and must be classified as idiopathic.

4.3  Clinical Phenotype

In DCM, the phenotype is widely heterogeneous: age of onset, clinical characteris-
tics, and severity vary not only among different families, but also among members
of the same family. Affected patients usually present signs and symptoms of HF
associated with other cardiac manifestations, such as conduction disturbances [left
bundle branch block (LBBB) or atrioventricular blocks], arrhythmias, and/or valvu-
lar diseases, such as functional mitral or tricuspid regurgitation. Complications,
such as thromboembolism, and sudden death (SD) are not rare. A typical pattern of
onset is characterized by a long clinically silent period of many years, and then the
disease can become evident after a flu-like syndrome: during a prolonged recovery
period, the patient suffers from dyspnea, extreme fatigue, and signs of HF-like
edema. A study conducted in Trieste [3] reported the clinical/instrumental charac-
teristics of DCM patients at first presentation according to the decade of enrolment
(from 1978 to 2007) (Table 4.1). Progressive earlier diagnosis over time is clear:
patients enrolled in the most recent decades had a progressively shorter history of
HE, were less symptomatic for HF, and had less severe heart disease. Furthermore,
patients with a previous history of HF episodes at enrolment progressively decreased
in number, probably as an effect of systematic familial screening. Familial screen-
ing in DCM facilitates diagnosis in nonprobands at an early stage of disease, which
is characterized by a less compromised LV and lower prevalence of LBBB, thus
favorably impacting on the long-term prognosis [4].

4.4 Diagnostic Criteria

After clinical suspicion or screening, DCM is diagnosed by demonstration at imag-
ing (typically 2D echocardiography) of LV dilatation and systolic dysfunction after
excluding specific causes sufficient to determine the degree of myocardial
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Table 4.1 Baseline clinical-instrumental characteristics of idiopathic dilated cardiomyopathy
(DCM) patients according to decade of enrolment in the Heart Muscle Diseases Registry of Trieste

First decade, Second decade, Third decade,
1978-1987; 1988-1997; 376 1998-2007; 367

110 (12.8 %) (44.1 %) (43.1 %) P value
Age (years) 46+17 44+15 45+14 0.425
Male gender (%) 74 73 71 0.856
Familial IDCM (%) 12 18 15 0.197
Duration of HF (months ) [range] 2 [0-17]¢ 3 [0-13]¢ 0[0-5] <0.001¢
SBP (mmHg) 126+ 14 124 +16° 127+19 0.020
NYHA HII-1V (%) 364 23 25 0.029
Patients with previous episodes 87 79 66 <0.001
of HF (%)
Anemia® (%) 9 12 10 0.456
GFR <60 ml/min (%) 15 8 11 0.336
Sinus rhythm (%) 84 90 89 0.222
LBBB (%) 26 32 30 0.464
LVEF (%) 29+9¢ 31x11¢ 33+11 <0.001
LVEDD-I (mm/m?) 3974 37+6° 34+5 <0.001
LVEDV-I (ml/m?) 114 +60° 107 +41¢ 91+34 <0.001
Restrictive filling pattern (%) 37¢ 17 <0.001*
Moderate—severe MR (%)® 39 34 0.157f
Beta-blockers after first 114 82 86 <0.001
evaluation (%)
ACE inhibitors or ARBs after 34¢d 93 93 <0.001
first evaluation (%)
Digitalis after first evaluation (%) 66¢ 79¢ 38 <0.001
Aldosterone antagonists after first 8 5¢ 18 0.001
evaluation (%)
ICD implantation during ]ed 14 13 0.002
follow-up (%)
Time from diagnosis to 268 129 [99-165] 22 [2-47] <0.0012
implantation (months) [range]
CRT implantation during 0 6 6 0.301f
follow-up (%)
Time from diagnosis to 151 [129-206] 23 [10-82] <0.001"¢
implantation (months) [range]
Bold data p values <0.05

ARBs angiotensin receptor blockers, BMI' body mass index, CRT cardiac resynchronization therapy,
GFR glomerular filtration rate, HF heart failure, /CD implantable cardioverter defibrillator, IDCM
idiopathic dilated cardiomyopathy, LBBB left bundle branch block, LVEDD-I indexed left ven-
tricular end-diastolic diameter, LVEDV-I indexed left ventricular end-diastolic volume, LVEF left
ventricular ejection fraction, MR mitral regurgitation, SBP systolic blood pressure

*Anemia: hemoglobin <13 g/dl for males, <12 g/dl for females

®MR with a jet area >4 cm? at color Doppler was classified as moderate or severe

°P<0.05 between first and third decades

4P <0.05 between first and second decades

°P<0.05 between second and third decades

fP value computed only between second and third decades

¢Kruskal-Wallis p value



38 M. Merlo et al.

Table 4.2 Major and minor criteria for diagnosing DCM

Major criteria

1 LVEF 45 % (>2 SD) and/or FS <25 % (>2 SD), as ascertained by echocardiography,
radionuclide scanning or angiography

2 LVEDD >117 % of the predicted value corrected for age and body surface area, which
corresponds to 2 SD of the predicted normal limit +5 %

Minor criteria

1 Unexplained supraventricular (atrial fibrillation or sustained arrhythmias) or ventricular
arrhythmias, frequent (>1,000 . 24 h™") or repetitive (three or more beats with >120 beats/
min~') before the age of 50

2 LVEDD >112 % of predicted value

Left ventricular dysfunction: LVEF <50 % or FS <28 %

4 Unexplained conduction disease: 2 or 3 atrioventricular conduction defects, complete
LVBBB, sinus nodal dysfunction

5 Unexplained sudden death or stroke before 50 years of age

6 Segmental wall-motion abnormalities (<1 segment, or 1 if not previously present) in the
absence of intraventricular conduction defect or ischemic heart disease

(98

Adapted from Mestroni et al. [5]

DCM dilated cardiomyopathy, SD standard deviation, LVEF left ventricular ejection fraction,
LVEDD left ventricular end diastolic diameter, FS fractional shortening, LVBBB left ventricular
bundle branch block

dysfunction and dilatation, such as systemic arterial hypertension (>160/100 mmHg),
coronary heart disease (stenosis >50 % of the luminal diameter in a major branch),
chronic excessive alcohol consumption (>100 g/day), rapid and sustained supraven-
tricular arrhythmias, systemic diseases, pericardial diseases, congenital heart dis-
eases, and cor pulmonale. Clinical examination, electrocardiography (ECG) and
chest X-ray radiography are not specific for DCM, whereas on echocardiography, it
is possible to evaluate disease criteria.

In 1999 a collaborative European study proposed a standardization of diagnostic
criteria and methods of enrollment in familial DCM. Inclusion criteria were a LV
ejection fraction (EF) <45 % documented at 2D echocardiography or angiography
and/or a fractional shortening <25 % at M-mode echocardiography and an LV end-
diastolic diameter >117 % of the predicted value corrected for age and body surface
area (BSA). Familial DCM was diagnosed in the presence of two or more affected
individuals in a single family or in the presence of a first-degree relative of a DCM
patient, with well-documented, unexplained SD at <35 years of age. Moreover,
major and minor criteria were formulated to distinguish affected, possibly affected,
and nonaffected family members (Table 4.2) [5].

4.5 Prognostic Stratification and Therapy

Prognosis of patients with DCM has significantly improved compared to the past,
when ~50 % of affected patients died within 2 years of diagnosis [6]. In the last decade,
in particular, an 8-year survival rate of >85 % was estimated in DCM, with an incidence
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Table 4.3 Occurrence of major events in the study population according to decade of enrolment
in the Heart Muscle Diseases Registry of Trieste

P
Second Third P value, value, P value,
First decade, decade, decade, first vs. first vs. second

1978-1987; 1988-1997; 1998-2007; second third  vs. third
110 patients 376 patients 367 patients decade decade decade

Mean follow-up 15129 153+82 93+41 0.389 0.03 <0.001
(months)

All-cause mortality/ 77 (70) 178 (47) 53 (14) <0.001 <0.001 <0.001
heart transplant, n (%)

Incidence (events/100 5.6 3.9 1.9

patients/years)

Heart transplant, n (%) 6 (6) 51 (14) 17 (5) 0.02 0.724  <0.001
Incidence (events/100 0.4 1.1 0.6

patients/years)

Cardiovascular death, n 57 (52) 91 (24) 18 (5) <0.001 <0.001 <0.001
(%)

Incidence (events/100 4.1 2.0 0.6

patients/years)

Pump failure death, n 38 (35) 32 (9) 6(1) <0.001 <0.001 <0.001
(%)

Incidence (events/100 2.8 0.7 0.2

patients/years)

Unexpected sudden 16 (15) 51 (14) 93 0.793 <0.001 <0.001
death, n (%)

Incidence (events/100 1.2 1.1 0.3

patients/years)

Unknown cause death, n 13 (12) 31 (9) 16 (4) 0.338 0.004 0.014
(%)

Incidence (events/100 1.0 0.7 0.6

patients/years)

Appropriate intervention 0 32 38 NC NC 0.499
of ICD (% of implanted

patients)

Incidence (events/100 2.4 4.8 NC 0.499
implanted patients/

years)

Bold data p values <0.05

ICD implantable cardioverter defibrillator, NC p value not calculated, only two patients implanted
with ICD in the first decade

of fewer than two major events per 100 patients per year, significantly higher than in the
previous two decades [3] (Table 4.3). Many factors contributed to the improvement dur-
ing this time. First is earlier diagnosis, especially when the disease is diagnosed while still
in the asymptomatic phase [7]. In this sense, familial screening is an important instrument
for the early diagnosis of DCM in asymptomatic patients and can impact long-term sur-
vival [4]. Therefore, a systematic familial screening with clinical interview, physical
examination, ECG, and echocardiography should be performed on all probands (even in
sporadic cases) and their first-degree relatives from puberty to 50 years of age.
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Another important factor that influences the better prognosis in DCM is evidence-
based optimal medical treatment: many clinical trials demonstrated the beneficial
role of angiotensin-converting enzyme (ACE) inhibitors (Enalapril) and beta-
blockers (metoprolol, carvedilol, and bisoprolol) [8-11]. Also, nonpharmacological
treatments, such as implantable cardioverter defibrillators (ICD) and cardiac resyn-
chronization therapy (CRT) with a biventricular pacemaker impact favorably on
DCM prognosis [12, 13].

Response to medical treatment can vary; it is estimated that cardiac function is
normalized in one third of patients, one third remains stable, and one third worsens
despite optimal medical treatment. Reasons for these differences are unknown, but
probably, there is a genetic predisposition.

However, the role of follow-up over time should be considered essential, espe-
cially when considering LV reverse remodeling, which is associated with an impres-
sively better outcome in terms of survival free from heart transplant and SD [14].
Therefore, an individualized, regular, long-term follow-up represents the corner-
stone of good management of this disease due to the lack of prognostic models
identifying precise subgroups of patients suitable for more aggressive and earlier
therapies.

To date, the principal aims of therapy in DCM are to treat HF and prevent malig-
nant arrhythmias and SD. Due to the fact that DCM is a rare disease, there are no
specific randomized trials oriented specifically to treatment but only to HF in
general.

Many studies demonstrated the efficacy of different drugs in alleviating symp-
toms and improving prognosis in patients with HF. ACE inhibitors [8], angiotensin
receptor antagonists, beta-blockers [10], and antialdosterone agents (spironolactone
and eplerenone) [15, 16] clearly impact survival, whereas diuretics such as furose-
mide relieve symptoms (they could also influence prognosis, but their role in this
context has not yet been demonstrated). Anticoagulants can be used in select cases
at higher risk of thromboembolism, especially in patients with LVEF <30 % and in
those with atrial fibrillation. Not only drug type but also dosage optimization is
fundamental in order to improve symptoms and positively impact on morbidity and
mortality. Indeed, optimal medical therapy, defined as administration of evidence-
based therapy at target dosages or maximum tolerated dosages, improves DCM
prognosis, significantly increasing the survival-free from pump failure death.
Moreover, CRT is useful in preventing HF death in patients with low LVEF (.e.,
<35 %) and prolonged QRS mostly in advanced New York Heart Association
(NYHA) classes, and lower functional classes [13, 17].

Concerning SD prevention, despite the proven effect of medical treatment
with beta-blockers [18], ICD implantation proves to be the most valid therapeu-
tic tool, as it dramatically decreased the incidence of SD in the past decade [3].
The device should be implanted at least 3 months after optimization of medical
treatment [19], even though the related drawback could be loss of a nonnegli-
gible proportion of patients in the meantime. The challenge is to identify which
patients could benefit from an early ICD independent of optimized medical
treatment [20].
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New therapeutic options for HF are taking place. One is percutaneous mitral
leaflet repair (MitraClip) in patients with severe functional mitral regurgitation
(MR) at high risk of surgery. It is safe and effective in reducing MR, improving
symptoms, and promoting reverse remodeling, with a reduction in LV volumes [21].
Another option in end-stage HF is implantation of a ventricular-assist device, which
can support either LV or RV or both. It can be implanted as bridge to recovery or to
heart transplantation or as destination therapy [22]. In case of refractory HF, when
pharmacological and nonpharmacological treatment is no longer efficacious, the
final option is heart transplant.

4.6 Problems in Differential Diagnosis

Ventricular dysfunction at imaging is not sufficient for the diagnosis of DCM as an
exclusion diagnosis and represents a challenge for clinical cardiologists. In fact,
many other conditions display the same abnormal pattern (Chaps. 5, 6 and 7).

Hypertensive heart disease in the dilated-hypokinetic stage [23] and ischemic
heart disease with multivessel involvement are the most common examples encoun-
tered in clinical practice and should be excluded before establishing a diagnosis of
idiopathic DCM. In the first case, LV dilatation and systolic dysfunction — fre-
quently accompanied by overt HF — are present in patients with a long history of
moderate to severe systemic hypertension. Previous documentation of LV hypertro-
phy with preserved LVEF can be present. LV hypertrophy usually remains evident,
even if apparently reduced, in the overt HF hypokinetic phase, showing ECG and
echocardiographic signs (i.e., LV eccentric hypertrophy with increased LV mass).
On the other hand, chronic coronary artery disease may manifest as progressive HF
without history of myocardial infarction or chest pain. This ischemic cardiomyopa-
thy (CMP) is characterized by LV dilatation and systolic dysfunction and usually by
segmental wall motion abnormalities (WMA) corresponding to ischemic ECG
changes and coronary distribution. Also, some valvular diseases should be consid-
ered in the differential diagnosis of DCM. In fact, both severe MR and aortic steno-
sis (and, less frequently, aortic regurgitation or mitral stenosis) can lead to ventricular
dysfunction due to severe volume or pressure overload, respectively. In this case,
clinical and echocardiographic findings are fundamental in the differential diagno-
sis, and in selected cases, prompt surgical treatment could be decisive and can
improve ventricular function.

When we excluded secondary causes of ventricular dysfunction, differential
diagnosis of DCM remains necessary in the field of CMP. In fact, mild LV dilatation
and ventricular WMA can be the result of active myocarditis that could mimic
DCM, presenting frequently with HF or ventricular arrhythmias. Suggestive clinical
history (i.e., new-onset HF in the absence of risk factors, recent flu-like syndrome),
ECG (i.e., in some cases, low QRS voltage), echocardiography (i.e., ventricular
dysfunction in the absence of severe dilatation, possible hypertrophic walls due to
interstitial edema, WMA not corresponding to coronary distribution, intraventricu-
lar thrombi), and cardiac magnetic resonance (CMR) can orient treatment toward
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endomyocardial biopsy, the gold standard for diagnosis of myocarditis, and may
guide correct patient management.

Other CMP could manifest with the dilated pattern and should be considered in
the differential diagnosis [24]. For instance, sometimes it is difficult to distinguish
DCM and arrhythmogenic right ventricular cardiomyopathy (ARVC) with biven-
tricular involvement [25]. However, the presence of RV dysfunction, WMA with
multiple aneurysms in the right or both ventricles at echocardiography, and the pres-
ence of specific diagnostic ARVC criteria [26], can lead to a correct diagnostic clas-
sification. Even hypertrophic cardiomyopathy (HCM) could represent an issue in
the differential diagnosis of DCM, as the echocardiographic pattern could be similar
to DCM if the patient is evaluated for the first time in the advanced hypokinetic
stage. Furthermore, it is noteworthy that amyloidosis and hemochromatosis with
systolic dysfunction, dilatation, and normal wall thickness could be confused with
DCM [27, 28].

A final issue in the differential diagnosis is the effect of alcohol on myocardial
dilatation. The phenotype of alcoholic CMP is variable but usually manifests as
DCM, even though LV hypertrophy is possible in initial stages of the disease [29].
Appropriate focused patient history is fundamental, and alcohol abstinence is fre-
quently associated with marked functional improvement.

Conclusion

In conclusion, once differential diagnosis has been formulated through first-level
exams [clinical, ECG, laboratory findings, echocardiography (see Chap. 5)],
efforts should be directed toward more specific investigations, such as cardiac
computed tomography, CMR, positron emission tomography, coronary angiog-
raphy, right ventricle catheterization, and endomyocardial biopsy, to better and
more precisely define the diagnosis and choose the correct treatment in selected
cases. If DCM remains idiopathic, genetic screening should be performed, even
though genetic DCM accounts for only 30—48 % of cases. It must be noted that,
at present, the role of genetics in clinical management of DCM has not been
clarified and must be considered a research tool.
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5.1 Introduction

Basic echocardiography has an important role in establishing the diagnosis and
assessing the severity of dilated cardiomyopathy (DCM) [1, 2]. It also provides
useful information regarding prognosis and helps guide treatment (see Chap. 8).
The main echocardiographic characteristics of DCM are left ventricular (LV)
dilation and systolic dysfunction [1]. Other features include LV diastolic dysfunc-
tion with elevated LV filling pressure, LV dyssynchrony, functional mitral
regurgitation (MR) and tricuspid regurgitation (TR), right ventricular dysfunction,
atrial dilatation [2], and secondary pulmonary hypertension (Table 5.1). All echo-
cardiographic measurements are important at diagnosis as well as during follow-up
in order to identify disease progression and treatment effects.

5.2  LeftVentricular Dimensions, Geometry,
and Systolic Function

The LV is typically globally dilated and dysfunctioning, with diffuse hypokinesis
(Clip 5.1). LV dilation may precede LV dysfunction in some cases [1]. It is therefore
crucial to precisely assess LV dimensions and index the measurements according to
body surface area (BSA). The standard measures include LV end-diastolic diameter,
assessed from the parasternal long-axis view (Clip 5.2, diagnostic criteria for DCM
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Table 5.1 Echocardiographic features of dilated cardiomyopathy

Characteristics
Left ventricle Dimensions: globally dilated (LV end-diastolic diameter >117 % predicted
value corrected for age and BSA)
Wall thickness: normal or mildly increased with eccentric hypertrophy
Geometry: increased sphericity
Systolic function: reduced (LV EF <45 % and/or fractional shortening
<25 %) with diffuse hypokinesis
Diastolic function: frequently impaired; RFP
Dyssynchrony: present, especially if severe LV dysfunction and LBBB

Right ventricle In case of biventricular involvement, RV dilation and dysfunction are
possible

Atria Bi-atrial dilation is frequent

Mitral valve Functional MR is frequent and due to annular dilation and apical tethering

Tricuspid valve Functional TR is frequent, with pulmonary hypertension and RV dilation

and/or dysfunction

BSA body surface area, EF ejection fraction, LBBB left bundle branch block, LV left ventricle,
MR mitral regurgitation, RFP restrictive filling pattern, RV right ventricle, TR tricuspid
regurgitation

is LV end-diastolic diameter >117 % predicted value corrected for age and BSA),
and LV volumes from apical four- and two-chamber views [1].

Patients with hypokinetic LV without severe dilation (i.e., LV end-diastolic
diameter within 15 % of normal values) are defined as having mildly dilated cardio-
myopathy (CMP) [3, 4] (Clip 5.3) and are considered to be within the spectrum of
DCM. In advanced cases with severe LV dilation and systolic dysfunction, the LV
geometry is altered, becoming more spherical (Figs. 5.1 and 5.2; Clips 5.4a, 5.4b,
and 5.5). The so-called LV remodeling is characterized by an increased short-axis/
long-axis ratio (sphericity index) [5]. This geometric abnormality contributes to LV
systolic dysfunction by increasing LV wall stress and reducing contractility, and it
can worsen functional MR.

LV wall thickness is usually normal or only mildly increased in DCM. Severe LV
hypertrophy excludes the diagnosis of DCM and suggests the presence of other
types of CMP, such as hypertrophic, infiltrative, or hypertensive CMP with hypoki-
netic evolution (Table 5.2). However, even in the presence of normal LV wall thick-
ness, LV mass is often increased due to LV dilation (eccentric hypertrophy with
increase in volume/mass ratio and radius/thickness ratio) [6].

An essential echocardiographic feature for the diagnosis of DCM is global LV
systolic dysfunction, i.e., a significantly depressed LV ejection fraction (EF) (usual
diagnostic cutoff <45 %) [1]. Accurate measurement of LV systolic function is piv-
otal in DCM patients given the fact that many therapeutic decisions rely on this
parameter, such as the indication for implantable cardioverter defibrillator (ICD) or
cardiac resynchronization therapy (CRT). In case of bad image quality, when <80 %
of the endocardial border is visualized (or more than two contiguous segments are
not visualized), the use of contrast agents is indicated for LV opacification and bet-
ter evaluation of LV volumes and EF (Clip 5.6) [7].
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Fig. 5.1 Apical four-chamber (upper panel) and two-chamber (lower panel) views — end-dia-
stolic frames — of a patient with advanced dilated cardiomyopathy with severe left ventricular (LV)
dilation and systolic dysfunction and LV remodeling, resulting in a spherical LV geometry

Another useful index for LV function assessment in this population is the
myocardial performance index, or Tei index — i.e., the ratio of the LV isovolumic
contraction +relaxation times and ejection time. This is a Doppler parameter that
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Fig.5.2 Parasternal long-axis view showing a severely remodeled left ventricle

Table 5.2 Echocardiographic features useful in the differential diagnosis of dilated
cardiomyopathy

LVH WMA/aneurysm RV dysfunction  Mild LV dilatation

Hypertensive CMP + - - +
End-stage HCM + - + +
Myocarditis + + + +
ARVC (bi-ventricular) — + + +
Ischemic CMP - + + -
Tako-tsubo CMP — + + +
TIC - - + +
Infiltrative/storage CMP + - + +

ARVC arrhythmogenic right ventricular cardiomyopathy, CMP cardiomyopathy, HCM hypertro-
phic cardiomyopathy, LV left ventricle, LVH left ventricular hypertrophy, RV right ventricle, TIC
tachycardia-induced cardiomyopathy, WMA wall motion abnormalities

provides a global evaluation of systolic and diastolic function of both ventricles [8].
Furthermore, stroke volume (and cardiac output) can be derived either from LV end-
diastolic and end-systolic volumes or from the area of the LV outflow tract (OT) x OT
velocity time integral from pulsed-wave (PW) Doppler recordings. This parameter
can be useful in selected patients to noninvasively identify a low output state.
Finally, dP/dt is an additional index of systolic function that measures the rise in
intraventricular pressure during early systole in patients with MR. It appears less
dependent on loading conditions than LV EF. However, its usefulness in DCM is not
yet defined.
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Considering regional wall motion assessment, DCM is usually characterized by
global hypokinesis. Regional wall motion abnormalities (WMA) with coronary
artery distribution suggest the presence of coronary artery disease (Table 5.2).
However, in some DCM cases, regional wall motion is heterogeneous, with aki-
netic or dyskinetic segments (more frequently anterior or apical) and better con-
tractility usually in the posterior and lateral segments [9]. In rare cases, the
presence of LV aneurysm can be found, generally in association with global hypo-
kinesis and significant LV dysfunction. These forms are called idiopathic LV aneu-
rysms and are considered to be within the spectrum of DCM, although without a
clear etiopathogenic explanation (Clips 5.7a and 5.7b) [10]. The possibility of
previous myocarditis or left-dominant arrhythmogenic CMP must be considered
(Table 5.2).

In the presence of severe LV dilation and dysfunction, there is a high probability
of spontaneous echocontrast and intracavitary thrombi formation, with risk of
embolization (Clips 5.8a and 5.8b). Contrast agents can be useful in this setting,
particularly in differentiating thrombi from artefacts.

Finally, in muscular dystrophies associated with DCM, such as Duchenne and
Becker types, echocardiography can be normal in the initial phase of the disease, or
there can be regional WMA, typically located in the posterolateral and posterobasal
regions. With disease progression and fibrosis extension, LV dilation and dysfunc-
tion become manifest and can be associated with MR owing to involvement of the
posterior papillary muscle. An early diagnosis of cardiac involvement has been
reported using dobutamine stress echocardiography [11], tissue Doppler imaging
(TDI) [12], and tissue characterization [13].

5.3 Left Ventricular Diastolic Function

LV diastolic dysfunction is often present in DCM. Evaluation of diastolic function
is complex as it is influenced by many variables [14]. It is therefore important to
consider various indices of diastolic function.

It is well known that diastolic dysfunction stages begin with impaired relaxation
at Doppler interrogation of transmitral flow and progress to a restrictive filling pat-
tern (RFP) that denotes high LV filling pressure and LV stiffness (Fig. 5.3) [15]. In
DCM, high diastolic pressure and LV stiffness may be due to several factors [16],
such as structural myocardial alterations (LV fibrosis), LV cavity dilatation, and
ventricular interdependence, with pericardial restraint in case of biventricular
involvement and biatrial dilatation [17]. The pseudonormal pattern is an intermedi-
ate stage that can represent a worsening from impaired relaxation or an improve-
ment of reversible RFP after optimal treatment [14]. It can be identified by the
response of the mitral flow pattern to Valsalva maneuver [18] and the pattern of the
pulmonary venous Doppler curve [14, 19].

Other evaluations comprise the study of blood flow propagation velocity
in the LV cavity using color-M-mode, left atrial (LA) dimensions and TDI (see
Chap. 6) [14].
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Fig. 5.3 Pulsed-wave Doppler interrogation of transmitral flow showing a restrictive filling pat-
tern (E-wave velocity 1 m/s, A-wave velocity 0.31 m/s, E/A ratio 3.3, E-wave deceleration time
101 ms)

5.4  LeftVentricular Dyssynchrony

Evaluation of LV mechanical dyssynchrony in DCM patients with heart failure
(HF), severe LV dysfunction, and left bundle branch block (LBBB) has been widely
studied and principally applied to identify potential responders to CRT (Clip 5.9).
LV dyssynchrony (i.e., uncoordinated LV wall contraction) results in further reduc-
tion of LV function and other negative consequences, such as worsening of func-
tional MR. Therefore, several echocardiographic indices of intraventricular
dyssynchrony have been studied, the earliest based on 2D echocardiography and
M-mode imaging [20].

Visual estimation of the rocking motion of the apex (apical rocking) is a simple LV
mechanical dyssynchrony marker that combines both functional and temporal myo-
cardial inhomogeneities [21]. Moreover, septal flash, defined as an abnormal septal
motion on M-mode imaging traces that occurs during the preejection period, has been
used as a sign of LBBB-induced dyssynchrony [22]. Another simple M-mode index
of LV dyssynchrony is the septal to posterior wall motion delay, which is measured
in the parasternal long-axis view at the papillary muscle level (Fig. 5.4).

However, these indices have demonstrated low feasibility, particularly in severely
dilated and dysfunctional LV with extensive areas of akinesis. Consequently, other
echocardiographic markers of LV dyssynchrony have been proposed based on TDI,
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Fig. 5.4 Patient with left ventricular dyssynchrony: there is a septal-to-posterior wall motion
delay of 187 ms measured at M-mode imaging in the parasternal long-axis view

speckle tracking, and 3D echocardiography (see Chap. 6) [20]. It seems, however,
that there is no perfect marker for intraventricular mechanical dyssynchrony evalu-
ation, and it is preferable to use a combination of several indices rather than a single
marker [23].

Interventricular dyssynchrony is quantified by measuring the time delay between
LV and RV preejection intervals at PW Doppler echocardiography (interventricular
mechanical delay). Results of the CArdiac REsynchronization-Heart Failure
(CARE-HF) trial demonstrated that the presence of significant interventricular dys-
synchrony was related to higher likelihood of favorable response to CRT [24].

Also, evaluation of atrioventricular dyssynchrony can be useful, especially for
optimizing atrioventricular delay for atrioventricular pacing. In fact, some DCM
patients might have a reduced diastolic filling period, a marker of atrioventricular
dyssynchrony, causing reduced stroke volume, increased LA pressure, and
diastolic MR.

5.5  Functional Mitral Regurgitation

Functional MR, without structural alterations of mitral valve (MV) leaflets, is fre-
quent in DCM [25]. It is a ventricular rather than valvular disorder. In fact, LV dila-
tion and remodeling is a key determinant of functional MR, leading to mitral annular
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Fig. 5.5 Color-Doppler evaluation of mitral regurgitation severity in a patient with dilated
cardiomyopathy and severe functional mitral regurgitation. Jet area is 26.7 cmq (a), and vena con-
tracta is 1.19 cm (b). Proximal isovelocity surface area method was applied to calculate the effec-
tive regurgitant orifice area, which is 0.43 cmq (c¢). Continuous-wave Doppler examination of the
mitral regurgitation jet shows low velocity and triangular morphology (d)

dilatation and papillary muscle displacement, with systolic retraction toward the
apex and MV leaflet malcoaptation (Clips 5.10a, 5.10b, and 5.10c). This process is
intensified by the reduced LV contractility, further impairing MV closing forces and
increasing the degree of MR. MR contributes to reduced forward stroke volume and
to increased LV filling pressure and LA and pulmonary artery pressures [25].
Moreover, MR causes LV and LA volume overload and further LV enlargement
over time, which in turn impairs mitral leaflet coaptation, thus increasing the degree
of MR in a vicious cycle.

The complete echocardiographic evaluation of functional MR in DCM starts
from analysis of MV morphology and quantification of annulus dimensions and
systolic leaflet retraction (Clips 5.11a and 5.11b). The mitral annulus is saddle
shaped and cannot be entirely visualized on 2D echocardiography. Therefore, trans-
esophageal echocardiography (in particular, 3D) can be useful to better evaluate
annulus dimensions and valvular morphology and rule out structural mitral leaflet
pathology. Furthermore, accurate evaluation of valvular morphology, combined
with a poliparametric evaluation of MR severity, is essential for selecting potential
candidates for percutaneous edge-to-edge repair with MitraClip implantation [26].

In functional MR, jet direction is usually central but in some cases can be
eccentric, with posterior and lateral direction, due to prevalent posterior leaflet
tethering (Clip 5.12) [27]. In these cases, it is important to rule out the presence of
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leaflet prolapse. Color-Doppler measurement of the jet area and vena contracta
provides a semiquantitative assessment of MR severity (Fig. 5.5, Clips 5.13a and
5.13b) [28]. These evaluations have some limitations in MR quantitation, in par-
ticular in the presence of eccentric jets that cannot be entirely visualized in stan-
dard planes. Therefore, quantitative methods are recommended, such as calculating
the regurgitant volume and regurgitant fraction from mitral and aortic stroke vol-
umes, and the effective regurgitant orifice area with proximal isovelocity surface
area (PISA) method (Fig. 5.5). It is important to keep in mind that severity cutoff
values are lower in functional MR compared with organic MR: severe functional
MR is defined by the effective regurgitant orifice area >0.20 cmq and regurgitant
volume >30 ml [26].

In case of severe MR, the continuous wave Doppler of the MR jet has low veloc-
ity and a triangular morphology, secondary to high LA pressure and prominent v
waves (Fig. 5.5). From the peak velocity it is possible to calculate the systolic pres-
sure gradient between LV and LA, and the LA pressure with the simplified Bernouilli
equation.

5.6 Right Ventricular Dilation and Dysfunction

In 30 % of DCM cases, RV function is impaired, with biventricular dysfunction
(Clip 5.14). Biventricular involvement is rather frequent in necropsy studies [29].
Conversely, it is unusual to observe prevalent RV dilation and dysfunction, and in
these cases, the presence of an arrhythmogenic RV CMP with biventricular involve-
ment must be suspected [30] (Table 5.2). RV dysfunction in DCM could be due to a
biventricular involvement of the CMP and/or can be secondary to pressure overload
due to pulmonary hypertension [31].

5.7 Atrial Dilation

Atrial dimensions are influenced by several factors, such as LV filling pressure,
MR and TR, and the presence of atrial fibrillation (AF) [32]. LA or biatrial dila-
tion is frequent in DCM patients. In fact, significant LA dilation was present in
54 % of DCM patients in our experience (Clip 5.15) [33]. Furthermore, in case of
severe LA dilation and AF, there can be spontaneous echo contrast and thrombosis
formation [29].

5.8  Functional Tricuspid Regurgitation

Functional TR is quite frequent in DCM patients (40 % of our patients), especially
if there is RV dilation and dysfunction and pulmonary hypertension (Clips 5.16a
and 5.16b). Although it rarely has hemodynamic importance, it is significantly
related with worse prognosis [34].
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5.9  Stress Echocardiography

Low-dose dobutamine stress test has been used to evaluate the contractile reserve,
which has prognostic value (see Chap. 8). Moreover, LV elastance is a load-
independent index of LV contractility and can be calculated as end-systolic blood
pressure/LV end-systolic volume index ratio (also called Suga index). It can be
assessed during dobutamine stress echocardiography to estimate the inotropic
reserve, providing prognostically useful information [35].

Furthermore, coronary flow reserve can be evaluated by PW Doppler in the left
anterior descending coronary artery during dipyridamole stress echocardiography.
Coronary flow reserve is defined as the ratio of maximal vasodilation to rest peak
diastolic coronary flow velocity. This index is reduced not only in patients with
coronary artery disease but also in most patients with nonischemic DCM. In the lat-
ter, severity of this impairment is correlated with clinical and/or hemodynamic
severity of the disease [36].

Dobutamine stress echocardiography can also be useful for the differential diag-
nosis between DCM (sustained improvement) and ischemic disease (biphasic
response) [37]. Furthermore, dobutamine stress test can be helpful to unmask a
significant LV intraventricular dyssynchrony, as identified by septal flash, which
could not be identified at baseline because of the severe hypokinesis. A recent study
demonstrated that the degree of LV dyssynchrony during dobutamine stress test, as
identified by the extent of peak septal flash, correlated with the degree of LV remod-
eling and clinical response after CRT [22].

Finally, it is common practice to perform dobutamine stress echocardiography to
differentiate true aortic valve stenosis from pseudostenosis associated with DCM,;
conversely, there is still no clear evidence regarding the role of exercise stress echo-
cardiography for evaluating functional MR in idiopathic DCM patients [38, 39].
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6.1 Introduction

Advanced echocardiographic techniques, such as 3D echocardiography, tissue Doppler
imaging (TDI), and speckle-tracking strain imaging, have recently been introduced for
the echocardiographic evaluation of patients with dilated cardiomyopathy (DCM) and
have demonstrated significant incremental value over basic echocardiography.

6.2 LeftVentricular Dimensions and Systolic Function

Accurate left ventricular (LV) volumes and ejection fraction (EF) quantitation is
crucial in the echocardiographic evaluation of patients with DCM. For instance,
improved accuracy of LV volumes and EF assessment might play a substantial role
in helping physicians select candidates for implantable cardioverter defibrillator
or cardiac resynchronization therapy (CRT). However, it is well known that M-mode
and 2D evaluations of LV volumes and EF have limitations [1]. Conversely, 3D
echocardiography has been recently validated with cardiac magnetic resonance
(CMR) for quantification of ventricular volumes in various cardiomyopathies,
including DCM, and demonstrated a higher accuracy and lower inter- and intraob-
server variability compared with 2D echocardiography [2, 3]. Some advantages of
3D echocardiography include independence from geometric assumptions, semiau-
tomatic delineation of the endocardial border, and absence of errors deriving from
“foreshortening” of the LV apex (Fig. 6.1, Clip 6.1) [4]. Three-dimensional
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Hormalizzato

Fig.6.1 Left ventricular (LV) volumes and ejection fraction (EF) quantification with 3D echocar-
diography in a patient with dilated cardiomyopathy (DCM) with severe LV dilatation and dysfunction.
The endocardial border is manually traced in the apical four-chamber (upper left panel), two-
chamber (upper right panel), and short-axis (mid left panel) views, and a 3D LV model is
automatically generated (mid right panel); subsequently, 3D LV volumes and EF are measured,
and a time—volume change curve of all segments during the cardiac cycle is provided (lower panel).
EDV end-diastolic volume, ESV end-systolic volume, SV stroke volume

echocardiography also provides the possibility for quantitative assessment of LV
regional wall motion by measuring the volume change of each segment in the car-
diac cycle. This technique demonstrated high feasibility in DCM patients [5] and
provided good correlation with CMR [6]. Finally, 3D echocardiography has also
been applied in DCM patients and validated against CMR for LV mass assessment,
showing excellent correlation with CMR, significant superiority over 2D echocar-
diography, and low inter- and intraobserver variability [7, 8].

Technological advances in the field of cardiac ultrasound have lead to further
new noninvasive techniques, such as TDI and speckle-tracking strain imaging, for
assessing cardiac mechanics and segmental and global LV function. The peak
systolic myocardial velocity S’, a simple TDI index of systolic longitudinal func-
tion, is a marker of impaired subendocardial fiber contraction and correlates with
myocardial fibrosis [9]. In addition, strain evaluation (by TDI, 2D and 3D speckle-
tracking echocardiography) allows discrimination between active and passive
movement of all myocardial segments and permits separate assessments of dis-
tinct components of myocardial deformation (i.e., longitudinal versus circumfer-
ential shortening and radial thickening) [10]. Also, all myocardial deformation
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Fig.6.2 Left ventricular (LV) longitudinal strain evaluation by 2D speckle-tracking echocardiogra-
phy in apical four- (a), two- (b), and long-axis (¢) views in a dilated cardiomyopathy (DCM) patient.
In each view, the LV region of interest in the 2D speckle-tracking analysis is shown (upper half of
each panel), together with longitudinal strain curves for each segment (lower half of each panel).
Final results of the strain analysis for each LV segment are displayed in a bulls-eye plot (d). Global
longitudinal strain is automatically calculated by the software and is importantly reduced (—12 %)

parameters, including longitudinal, circumferential, and radial strain and torsion,
are reduced in DCM patients (Fig. 6.2, Clips 6.2a, 6.2b, and 6.2¢) [11].

6.3 Left Ventricular Diastolic Function

TDI of the mitral annulus is a relatively novel method for assessing diastolic
function. It is performed in apical four-chamber view, placing the pulsed-wave tis-
sue Doppler on the septal or lateral annulus of the mitral valve (MV), showing a
Doppler pattern with E* and A’ waves. The ratio of transmitral E velocity to mitral
annular E’ velocity (E/E’) is a marker of left atrial (LA) pressure, is related to exer-
cise capacity in DCM, and provides prognostic value [12]. On the other hand, E/E’
ratio has a wide grey zone, and its accuracy is questionable, particularly in patients
with advanced DCM and severe heart failure (HF). In fact, a study with invasive
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hemodynamic correlations showed that E/E’ ratio had a weak correlation with LV
filling pressures in DCM patients, particularly in those with severe LV dilation and
after CRT [13].

Other new indices for diastolic function evaluation obtained by speckle-tracking
analysis are promising. Circumferential strain and strain rate during late diastolic
LV filling, E/circumferential strain rate at early diastolic LV filling, and E/circum-
ferential strain at the time of peak E wave showed greater area under the curve than
the E/E’ ratio for predicting pulmonary capillary wedge pressure (PCWP)
>12 mmHg [14]. Also, LA strain assessment with speckle-tracking technique dem-
onstrated a better correlation than other Doppler indices, such as E/E’ ratio, with LV
filling pressure as measured by right catheterization, in patients with advanced sys-
tolic HF [15]. Specifically, peak atrial longitudinal strain is a parameter for func-
tional assessment of the atrial reservoir phase (which is essential for LV filling), and
results progressively reduced with the increase of LV filling pressure. Therefore,
peak atrial longitudinal strain demonstrated a strong inverse correlation with PCWP
and excellent diagnostic accuracy in predicting elevated filling pressure [15].

6.4 LeftVentricular Dyssynchrony

There is evidence that LV mechanical dyssynchrony is an independent determinant
of response to CRT and long-term survival [16]. Advanced indices of intraventricu-
lar mechanical dyssynchrony are based on TDI, speckle-tracking imaging, and 3D
echocardiography [17].

The rocking motion of the apex (apical rocking) can be quantified by TDI by
measuring the transverse motion of the LV apex perpendicular to the LV long axis.
This index is clinically feasible, reproducible, and has predictive value for response
and long-term survival following CRT [18]. Furthermore, the time from QRS onset
to peak systolic velocity can be measured by TDI imaging at the level of different
basal and mid-LV segments: the time difference between peak contraction of oppo-
site segments is an index for LV dyssynchrony. Contraction delay between the basal
septum and the basal lateral wall in the apical four-chamber view is usually consid-
ered, but this index can be measured from multiple apical views in up to 12 seg-
ments. Moreover, TDI-derived longitudinal strain and strain-rate imaging allows
LV dyssynchrony evaluation by measuring the time delay between peak systolic
strain rate [19]. The Predictors of Response to CT (PROSPECT) trial demonstrated
a low sensitivity and specificity of echocardiographic TDI markers of LV dyssyn-
chrony for predicting response to CRT [20]. The TDI markers indeed show low
feasibility and reproducibility. In particular, in advanced DCM patients with
extended areas of akinesis, identifying systolic contraction timing and measure-
ments of TDI parameters are particularly problematic and can be misleading, as it is
impossible to discriminate passive from active myocardial movements.

New echocardiographic techniques not included in the PROSPECT trial involve
speckle-tracking strain evaluation and 3D echocardiography, even if the temporal reso-
lution of these techniques is relatively low and inferior compared with TDI [21, 22].
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Fig. 6.3 Evaluation of left ventricular (LV) dyssynchrony with 2D speckle-tracking strain analysis
calculated as the time difference in peak circumferential strain between opposing segments (mid-
inferoseptal and mid-anterolateral wall) in the short-axis plane. In this case of advanced dilated car-
diomyopathy (DCM), there was significant LV dyssynchrony (130 ms). MA mid anterior, MAL mid
anterolateral, MAS mid anteroseptal, MI mid inferior, MIL mid inferolateral, MIS mid inferoseptal

LV dyssynchrony with speckle-tracking strain analysis (Fig. 6.3) is calculated as
the time difference in peak strain values (radial and circumferential in the short-axis
plane, longitudinal and transverse in the long-axis plane) between opposing segments
(most frequently between the anteroseptal and posterolateral wall) [21]. Longitudinal
and radial strain parameters appear to be more reproducible and accurate for quan-
tifying LV mechanical dyssynchrony [21, 23]. In the prospective multicenter
Speckle Tracking and Resynchronization (STAR) study [24], radial and transverse
LV strains were both significantly associated with EF response and long-term
outcome (death, heart transplant, LV assist device) after CRT. Lack of baseline
radial or transverse LV dyssynchrony (defined as >130 ms opposing wall delay)
appeared to be a marker of adverse prognosis following CRT [24].

Furthermore, 3D echocardiography has emerged as a novel technique for dyssyn-
chrony quantification based on analysis of volume variations of each segment in the
same cardiac cycle: if the contraction is dyssynchronous, there is dispersion in the
time each segment takes to reach its minimum volume. The 3D systolic dyssynchrony
index is defined as the standard deviation of the time to minimum systolic regional
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Fig. 6.4 Quantification of left ventricular (LV) dyssynchrony by 3D echocardiography: the sys-
tolic dyssynchrony index (defined as the standard deviation of the time to minimum systolic
regional volume using a 16-segment model) was 10.49 % in this patient, indicating significant LV
dyssynchrony

volume using a 16-segment model (Fig. 6.4). A cutoff value of systolic dyssynchrony
index >5.6 % has been proposed to predict response to CRT [25]. More recently, 3D
speckle-tracking imaging has emerged for calculating LV dyssynchrony by assessing
myocardial deformation within the LV 3D full volume [26]. With this technique, the
maximal opposing wall delay and the standard deviation of time to peak (radial) strain
of 16 LV segments are derived as LV dyssynchrony indices. HF patients show higher
3D dyssynchrony indices compared with normal individuals; moreover, in patients
who underwent CRT, 3D imaging demonstrated effective LV resynchronization with
considerably improved systolic function [26].

Larger studies are needed to determine the best LV mechanical dyssynchrony
echocardiographic parameter for predicting CRT response and long-term survival.
Moreover, besides LV mechanical dyssynchrony, it seems important to use
advanced imaging to evaluate other aspects to maximize response to CRT, includ-
ing detecting necrotic tissue, presence of viability, and availability of coronary
veins for optimal LV lead position [27]. Echocardiography might play a role in
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identifying the optimal site for LV pacing, first by detecting the myocardial area
of latest mechanical activation (in particular, by 2D and 3D speckle-tracking
imaging) [28]; and second, by excluding the presence of scar tissue in the area
considered for LV pacing (for instance, by speckle-tracking imaging or dobuta-
mine stress echocardiography). Scarred LV tissue assessed using speckle-tracking
global longitudinal strain was a strong determinant of response to CRT in patients
with ischemic DCM and was significantly related with total scar burden quantified
by CMR [29].

6.5 Functional Mitral Regurgitation

It is well known that the 2D proximal isovelocity surface area (PISA) method for
evaluating mitral regurgitation (MR) has several limitations, as it is based on geo-
metric assumptions. There are advantages of 3D over 2D echocardiography in eval-
uating MR grade due to the direct planimetry of the effective regurgitant orifice
area, which is typically elliptical in functional MR (Fig. 6.5, Clip 6.3). Previous
studies demonstrated the additional value of 3D echocardiography in patients with
functional MR, whereas 2D imaging significantly underestimated the size of the
regurgitant orifice [30]. Furthermore, dedicated software permits 3D quantification
of MV annulus dimensions, MV leaflet surface, tenting volume, aortomitral angle,
and papillary muscle geometry [31].

6.6 Other Features

Echocardiography with integrated backscatter imaging (i.e., a technique that allows
assessment of myocardial ultrasound reflectivity) permits identification of myocar-
dial fibrosis, which appears as high-echogenic myocardial areas. Integrated backscat-
tering is an index of myocardial echogenicity that demonstrated a significant
correlation with the quantity of fibrosis at biopsy [32]. Other authors [33] demon-
strated a reduction of integrated backscattering in patients with DCM and worse
prognosis, possibly due to reduced contractility and/or myocardial fibrosis.
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Fig.6.5 Evaluation of mitral
regurgitation (MR) grade
with 3D transthoracic
echocardiography from a 3D
full volume with color
Doppler acquisition of the
regurgitant jet (mid right
panel): the software permits
measurement of the vena
contracta in two
perpendicular planes (as
shown in the upper panels);
furthermore, it is possible to
trace the direct planimetry of
the effective regurgitant
orifice area, which is
typically elliptical in
functional MR (mid left and
lower panels). In this case of
severe functional MR, the
effective regurgitant orifice
area was 0.5 cmq
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7.1 Introduction

Cardiac magnetic resonance (CMR) can be used to explore multiple aspects of
dilated cardiomyopathy (DCM). In particular, it is useful for differential diagnosis
of left ventricular (LV) dysfunction, prognostic stratification, assessment of LV dys-
synchrony, prediction of outcome after cardiac resynchronization therapy (CRT)
implantation, and assessment of LV thrombosis.

7.2  Differential Diagnosis

Etiologic characterization of DCM may be achieved by evaluating the presence and
distribution of macroscopic myocardial fibrosis with late-gadolinium-enhancement
(LGE) sequences (Fig. 7.1). In particular, subendocardial or transmural LGE is
always found in patients with LV dysfunction secondary to coronary artery disease
distributed in coronary perfusion territories. Conversely, LGE is frequently absent
in patients with LV dysfunction of nonischemic origin. When LGE is found,
the pattern of distribution is often a patchy midwall without coronary distribution.
A minority of patients with DCM exhibit a pseudoischemic pattern despite absence
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Fig. 7.1 Late gadolinium enhancement (LGE) cardiac magnetic resonance (CMR) images in
patients with ischemic (a, b) and nonischemic (¢, d) dilated cardiomyopathy (DCM). Note the
absence of LGE in patients with nonischemic DCM and the presence of subendocardial LGE dis-
tributed along coronary segments in ischemic DCM images (arrows)

of coronary artery disease [1, 2]. LGE with a subepicardial distribution may be sug-
gestive of DCM secondary to myocarditis [3].

7.3  Macroscopic vs Diffuse Fibrosis

LGE sequences are not able to identify diffuse interstitial fibrosis [4] (Fig. 7.2). T1
mapping sequences are able to evaluate interstitial fibrosis and are shown to corre-
late well with histologically detected fibrosis [5-8], although they require some
postprocessing and are time consuming.

7.4  LeftVentricular Dyssynchrony

CMR is able to assess LV dyssynchrony [9] by assessing segmental radial wall
motion in short-axis steady-state free precession (SSFP) views. Patients with heart
failure (HF) display increased dyssynchrony despite normal QRS duration.
Increasing degrees of dyssynchrony are predictive of poor outcomes in patients who
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Fig.7.2 Absence of late gadolinium enhancement (LGE) at cardiac magnetic resonance (CMR)
in a patient with dilated cardiomyopathy (DCM) (a). Histologic specimen (Masson trichrome
stain) from endomyocardial biopsy of the same patient showing diffuse interstitial fibrosis (b)

undergo CRT and patients who do not [10, 11]. LV dyssynchrony may also be evalu-
ated with velocity-encoded sequences, with results similar to tissue Doppler imag-
ing [12]. This may be useful in patients with poor acoustic window.

7.5 Assessment of Left Ventricular Thrombosis

Contrast-enhanced CMR is more sensitive and specific in detecting intraventricular
thrombus compared with standard 2D echocardiography [13], particularly through
SSFP sequences and especially through inversion recovery (IR) sequences with a
very long inversion time early after gadolinium administration (Fig. 7.3).

7.6  Single Photon Emission Computed Tomography

Single-photon-emission computed tomography (SPECT) was evaluated to assess
ventricular volumes and function [14], myocardial stress, rest perfusion, and sym-
pathetic nervous activity. The presence and extent of perfusion abnormalities, pos-
sibly reflecting fibrosis, correlate with poor prognosis [15-17]. The pattern of
occurrence may be helpful to differentiate ischemic from nonischemic forms of
DCM [18-20]. SPECT imaging may be an alternative to CMR—although it is less
reliable—in identifying patients with areas of LV scarring responsible for poor
response to CRT [21, 22]. lodine 123-metaiodobenzylguanidine (MIBG), a norepi-
nephrine analog, is used as a tracer to investigate cardiac sympathetic nervous func-
tion [23]. In some studies, altered cardiac sympathetic nervous activity, assessed by
MIBG imaging, is predictive of ventricular arrhythmias, appropriate implantable
cardioverter defibrillator (ICD) therapy [24], and adverse prognosis in DCM
[25-27].
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Fig.7.3 Advanced dilated
cardiomyopathy (DCM).
Cardiac magnetic resonance
(CMR) image acquired early
after contrast administration,
with long inversion time,
showing a small
intraventricular thrombus as
hypointense (dark) area at
left ventricular (LV) apex

7.7  Positron Emission Tomography

Myocardial metabolic activity may be assessed with ['8F]-fluorodeoxyglucose
positron emission tomography (PET). In patients with DCM, finding heteroge-
neous regional myocardial metabolic activity is predictive of a poor outcome,
whereas a homogeneous pattern is predictive of functional improvement [28].
Absolute myocardial blood flow measured by dynamic PET and [!*N]-ammonia
or 3O-labeled water (*O-H,0) [29] is impaired both at rest and in response to
vasodilating stimuli in DCM patients [30, 31]. The degree of impairment is
independently associated with disease progression and adverse outcome [31,
32]. Conversely, patients on beta-blockers who experience improved LV ejec-
tion fraction (EF) also show improved myocardial blood flow assessed by PET
[33, 34].

7.8 Computed Tomography

Computed tomography (CT) is a noninvasive cardiac imaging technique that is
mainly used to test for the presence of coronary artery disease. Multidetector CT
is thus accurate in identifying patients with idiopathic versus ischemic forms of
DCM and may represent a valid alternative to coronary angiography [35, 36].
Data acquisition in CT is continuous throughout the cardiac cycle. Therefore,
end-diastolic and end-systolic images may be used to analyze ventricular vol-
umes and function, with good correlation with CMR and contrast-enhanced
echocardiography [37, 38].
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7.9 Dystrophinopathy-Associated Cardiomyopathy

CMR studies in patients with dystrophinopathy-associated CMP show abnormali-
ties of myocardial strain through SSFP and tagging sequences [39—41], midwall/
subepicardial fibrosis by LGE imaging [42—44], diffuse fibrosis identified by T1
mapping techniques [45], fatty replacement [46, 47], and inflammation through T2
and early gadolinium enhancement sequences [48]. The latter sign is a harbinger of
rapid LV function deterioration [48]. Subclinical CMP is also reported at CMR
(SSFP and LGE) in mother-carriers of Duchenne and Becker muscular dystrophy
[49]. Myocardial perfusion with 2°' Tl imaging shows distinct perfusion defects in
the LV free wall in patients with Duchenne muscular dystrophy [50-52]. Large
perfusion defects have adverse prognostic significance [50, 53]. PET identifies areas
of myocardial perfusion/metabolism mismatch (increased ['®F]-FDG activity and
decreased ['*N]-ammonia activity) in the LV free wall in patients with Duchenne
and Becker dystrophy [54, 55].
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8.1 Introduction

The role of imaging in prognostic stratification of idiopathic dilated cardiomyopa-
thy (DCM), due to the rarity of this pathology, has some problems. In particular,
difficult therapeutic choices in clinical practice, (i.e., heart transplantation or
implantable device therapy), which mainly depend on prognostic stratification, are
often based on clinical trials assessing patients with heart failure (HF), due to mul-
tiple etiologies (mostly ischemic) or retrospective studies on small populations,
which have subsequent limitations. Nevertheless, idiopathic DCM patient profiles
are somehow different from those in patients who present with secondary forms of
DCM (i.e. ischemic, hypertensive, or valvular heart disease), because idiopathic
DCMisusually found in younger people with fewer comorbidities. Echocardiography
and cardiac magnetic resonance (CMR) represent useful imaging techniques for
prognostic assessment of DCM.

Besides imaging tools, it must be noted that some functional tests, such as car-
diopulmonary exercise test, or other nonimaging tests, such as T-wave alternans,
QT dynamicity, as well as genetic characterization, can be prognostically helpful in
selected scenarios, such as arrhythmic risk stratification, especially in the early
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phases of DCM, which remains a critical issue for the cardiologic community, as
sudden death (SD) accounts for 30—40 % of all idiopathic DCM deaths. However,
these variables are not yet validated in randomized prospective clinical trials.
Considerations such as these, connected to the generally young age of patients and
to their family history, make this issue very important and difficult for cardiologists.
That is why it is often better to refer patients to tertiary care centers for diagnostic—
therapeutic assessment and prognostic stratification of cardiomyopathies (CMP).

8.2 Echocardiography and Prognosis
8.2.1 Left Ventricular Dimensions and Systolic Dysfunction

Quantitative assessment of left ventricular (LV) dimensions and systolic function
has a particular relevance in the long-term follow-up of DCM patients for assessing
disease progression or response to treatment. LV ejection fraction (EF) emerged as
the only instrumental baseline parameter that could predict SD in the long term,
which confirms its known role in this specific field [1]. The presence of markedly
dilated LV (end-diastolic LV diameter >38 mm/m?) associated with severely
depressed EF is a predictor for SD if evaluated within 1 year before the event. These
two parameters probably identify a subgroup of patients with a very advanced and
severe disease characterized by predicting a higher risk of SD [2].

Notably, implanted cardiac defibrillator (ICD) implantation emerged as the only
therapy with an independent protective role against SD [1]. Since publication of the
Sudden Cardiac Death in Heart Failure (SCD-HeFT) and Defibrillators in Non-
Ischemic Cardiomyopathy Treatment Evaluation (DEFINITE) trials [3, 4] ICD
indication for primary prevention of SD has been extended to patients affected by
DCM presenting LVEF <0.35 and New York Heart Association (NYHA) functional
classes II or III (class I indication, level of evidence B) [5], despite >3 months of
optimal pharmacological therapy. However, it is not clear whether a longer interval
could modify the proportion of patients who are candidates for ICD. In clinical
practice, timing of ICD implantation for primary prevention remains a critical and
very common issue [6], particularly in idiopathic DCM [5].

In this sense, the Canadian Cardiovascular Society recommended a different tim-
ing in ICD therapy, depending on the etiology of heart failure (HF). Patients with
nonischemic DCM with EF <0.35 and NYHA functional classes II or III are recom-
mended for an ICD after at least 9 months of optimal medical therapy (strong rec-
ommendation, high-quality evidence), whereas in patients with ischemic DCM,
ICD therapy is recommended after only >3 months of optimal medical therapy [7].
However, the risk of waiting before implanting an ICD is not specified. In clinical
practice, there is often the attitude not to delay implantation for too long, especially
when cardiac resynchronization is required. In patients with a high probability of
improvement, ICD implantation could be safely delayed [8].

This issue remains a challenge for the cardiologist community; in fact, according
to recent evidence, even in patients considered at very high risk (i.e., those
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presenting with important enlargement of LV dimensions and very severe LV sys-
tolic dysfunction), the probability of maintaining ICD indications after optimization
of medical treatment, or SD in the meantime, was only 40 %, even in more impaired
patients (unpublished data). Therefore, early ICD implantation should not be gener-
ally recommended in the majority of cases but should at least be considered a closer
follow-up (i.e., 3 or 4 weeks) in patients who will less likely improve after baseline
evaluation. The need of further parameters, useful in arrhythmic stratification,
clearly emerges regardless of LVEF. In this sense, only a few reports provided by
retrospective studies are available, such as those assessing the presence of nonsus-
tained ventricular tachycardia (VT) during Holter monitoring in patients with mod-
erate systolic dysfunction [9] or T-wave alternans [10].

8.2.2 Left Ventricular Reverse Remodeling

Several studies have demonstrated the importance of echocardiography for re-
evaluating patients after an appropriate follow-up under optimal medical treat-
ment. A study by our group [11] (361 patients consecutively enrolled in a cohort of
idiopathic DCM) emphasizes the importance of considering both clinical and labo-
ratory data at baseline and during follow-up to improve prognostic stratification of
idiopathic DCM patients. In that study, LV reverse remodeling characterized about
one third of the entire cohort alive at midterm follow-up. Those patients received
tailored pharmacological treatment, and the condition emerged as an independent
predictor of long-term prognosis. Therefore, evolution to LV reverse remodeling
suggests less structural cardiac damage at diagnosis and a higher probability of
better response to treatment [11].

8.2.3 Diastolic Dysfunction

Conventional echo Doppler assessment of LV diastolic dysfunction (transmitral filling
pattern) provides important diagnostic and prognostic information in patients with
idiopathic DCM. To fully define the category of diastolic dysfunction, it is important
to include methods such as tissue Doppler analysis (TDI) of the mitral annulus (E’
velocity), pulsed-wave Doppler of pulmonary venous inflow, and left atrial (LA) size.

LV restrictive filling pattern (RFP), frequent in idiopathic DCM, is associated with
more severe disease and is as a powerful long-term indicator of increased mortality
risk and need for heart transplantation [12, 13]. Furthermore in patients with idio-
pathic DCM, the persistence of RFP despite optimized treatment is associated with
high mortality and transplantation rates, provides additional prognostic information
with respect to the baseline study, and might be used in conjunction with the clinical
assessment to select patients for a more strict follow-up or for cardiac transplantation
[14]. No data exist at present regarding the role of diastolic function calculated by TDI
regarding the prognosis of idiopathic DCM. E/E’ could represent an easy tool that can
be used earlier to assess early diastolic dysfunction compared with RFP.
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8.2.4 Right Ventricular Dysfunction

Right ventricular (RV) dysfunction may be present in idiopathic DCM and is an
important adverse prognostic marker associated with significantly worse functional
class and outcome [15]. However, there is a lack of studies and data on large popula-
tions of such patients due to the relative rarity of the disease and difficulty in assess-
ing RV function. RV dysfunction can be related to LV dysfunction severity and
subsequently secondary to high LV filling pressures and pulmonary hypertension;
however, biventricular involvement in the disease process may be present. The tri-
cuspid annular proximal systolic excursion (TAPSE), a well-validated and simple
measurement of RV longitudinal function, provides a prognostic factor in patients
with advanced HF [15]. Nevertheless, there is a lack of exhaustive data regarding
RV dysfunction impact specifically on the outcome in idiopathic DCM.

8.2.5 Functional Mitral Regurgitation

Functional mitral regurgitation (MR), a common finding in ischemic and nonisch-
emic LV dysfunction, is independently associated with a worse prognosis [11, 16],
and increasing functional MR severity correlates with adverse clinical conditions
and reduced survival [17]. The adverse hemodynamic consequence of MR are par-
ticularly relevant in idiopathic DCM, in which it increases volume overload of a
failing ventricle, which, in turn, stimulates modifications at several levels (molecu-
lar, cellular, tissue, and cardiac chamber level), further promoting adverse LV
remodeling [16]. In patients where it is difficult to find out whether MR is primary
or secondary, a detailed assessment of valve morphology is required, often employ-
ing the transesophageal approach (TEE). This assessment has important manage-
ment implications because medical therapy and cardiac resynchronization therapy
(CRT) improve secondary MR but are not helpful in the setting of significant leaflet
disease [18]. Moreover, interventional approaches, both, surgical and percutaneous,
can be considered to correct functional MR. MitraClip is emerging as a new percu-
taneous technique. However, to date, selection of patients as candidates for MitraClip
intervention is an open and important issue.

8.2.6 Mechanical Dyssynchrony

Newer echocardiographic techniques to evaluate LV dyssynchrony involving real-
time 3D echo, TDI-derived strain imaging, and 2D-derived speckle-tracking strain
analysis have all been described and potentially offer solutions to some of the prob-
lems encountered with tissue velocity imaging. To date, however, NYHA class, LV
ejection fraction, and electrocardiography (ECG) are the only validated parameters
for determining the appropriateness of CRT implantation. Furthermore, biventricu-
lar pacing seems to have more effect in idiopathic DCM patients than in patients
with ischemic heart disease [19].
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8.2.7 Ventricular Thrombosis

The presence of spontaneous echo contrast is often seen in severely impaired ven-
tricles and should prompt a careful assessment for thrombus. Again, LV contrast
agents can be used where resolution of the LV apex and differentiation of thrombus
from artefacts is difficult.

8.2.8 Prognostic Significance of Stress Echocardiography
with Dobutamine

The prognostic role of dobutamine stress test has been used to evaluate the contrac-
tile reserve [20, 21]. The presence of viability is related to better prognosis and
higher probability for improved LV function at follow-up [22]. In our experience,
positive dobutamine response is frequent in idiopathic DCM (43 % of cases), with
improvement in systolic and diastolic LV function, RV function, and MR; it is also
associated with a better prognosis. Moreover, patients who respond to dobutamine
are less symptomatic and show less severe ventricular dilation and dysfunction and
lower LV filling pressure [20]. Finally, assessment of LV contractile reserve by 3D
speckle-tracking global circumferential strain during dobutamine stress test demon-
strates a predictive value for cardiovascular events in patients with idiopathic DCM
[23]. However, in clinical practice, the dobutamine test, due to its only moderate
accuracy, is not commonly employed for prognostic stratification of idiopathic
DCM patients and in selecting patients for heart transplantation.

8.3  Cardiac Magnetic Resonance

CMR provides additional prognostic information in patients with DCM because it
is the gold-standard technique for both biventricular morphologic and functional
quantitative assessment and tissue characterization. However, few studies are avail-
able that specifically assess patients with idiopathic DCM. Nazarian et al. reported
on 26 patients with nonischemic DCM who had predominant scar localization and
distribution characterized by the transmural extent of late gadolinium enhancement
(LGE) of 26-75 % of wall thickness, which was significantly predictive of inducible
ventricular tachycardia (VT) on electrophysiological stimulation and remained pre-
dictive after adjustment for LVEF. Thus, scar distribution may identify the substrate
for inducible VT and may identify high-risk patients for SD [24]. Assomull et al.
found midwall fibrosis using LGE-CMR in 35 % of 101 consecutive patients with
nonischemic DCM and HF. This finding was associated with a higher rate of all-
cause deaths and hospitalizations for a cardiovascular event and for predicting SD
and/or sustained VT [25]. Finally, Hombach et al. demonstrated that in addition to
cardiac index and RV end-diastolic volume index derived from CMR imaging, a
QRS duration >110 ms and presence of diabetes mellitus provided prognostic
impact in a large cohort of patients with idiopathic DCM over a 4-year period [26].
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However, it is important to emphasize that CMR has some limitations: it always
involves accessibility problems and requires expert cardiology and radiology per-
sonnel. Additionally, it is not usually permitted for heart-device carriers and so fre-
quently it turns out to be complementary to echocardiography, mainly limited to the
initial phase of the disease and ceased during the follow-up period, when a device
could be implanted.
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and Gianfranco Sinagra

9.1 Introduction

Hypertrophic cardiomyopathy (HCM) is a common genetic disorder characterized
by unexplained left ventricular (LV) hypertrophy associated with a nondilated ven-
tricular chamber in the absence of any other cardiac or systemic cause of LV pres-
sure overload (such as hypertension, aortic stenosis, congenital heart disease, etc).
Conventionally, in adulthood, HCM is diagnosed in the presence of at least one
segment with a maximal LV wall thickness >15 mm. In childhood, any degree of
unexplained LV hypertrophy could be compatible with such a diagnosis, even if it is
usually recognized that a wall thickness >2 standard deviations above the mean for
age, sex, and body surface area (BSA) is the universally accepted criteria [1].
Histologically characterized by myocyte and fiber disarray (Fig. 9.1), interstitial
fibrosis and small-vessel disease, this cardiomyopathy (CMP) is diagnosed through
clinical (including familial history) and instrumental features, principally echocar-
diographic; however, cardiac magnetic resonance (CMR) is increasingly used as an
essential diagnostic tool.

9.2 Epidemiology

HCM is a disease widespread worldwide, with similar prevalence reported in differ-
ent countries: 1:500 individuals [2]. It can be diagnosed throughout life, from child-
hood to old age, but it is most commonly seen for the first time among young adults.
The disease shows rapid, sometimes exponential, phenotypic onset and expression
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Fig.9.1 Histologic
specimen (Azan-Mallory,
%x25) of a patient with
hypertrophic cardiomyopathy
(HCM) showing myocardial
fiber disarray and interstitial
fibrosis

throughout adolescence, in parallel with growth, indicating close noninvasive clini-
cal and echocardiographic screening during this period. This applies above all to
individuals with a family history or known to be carriers of a sarcomeric-causing
disease mutation (genotype-positive/phenotype-negative individuals). Probably,
many cases of HCM remain undiagnosed because of its asymptomatic course and
normal life expectancy.

9.3  Genetics, Pathogenesis, and Pathophysiology

HCM is considered a genetic disease and is generally transmitted with an autosomal
dominant pattern, shows a variable penetrance, and has great variability in pheno-
typic expression. Familial HCM accounts for 50 % of cases, with the remaining
sporadic cases assumed to be de novo mutations [3]. The disease is caused by a
singular mutated allele in one of more than 11 genes encoding for sarcomeric con-
tractile myofilament proteins or components of the Z-disc. Mutations in two genes,
the B-myosin heavy chain (MYH7) and myosin-binding protein C (MYBPC3),
account for ~70 % of cases, >1,400 mutations have been identified thus far, mostly
missense mutations [2].

Great phenotypic heterogeneity can be seen between and within families in terms
of age at onset, degree and segmental distribution of hypertrophy, clinical manifes-
tation, and outcome, suggesting a possible role for gene modifiers and environmen-
tal factors [2, 4]. The main four pathophysiological features and clinical
manifestations of this CMP are LV diastolic dysfunction, LV outflow tract (OT)
obstruction, heart failure (HF) symptoms, and sudden death (SD). The marked LV
hypertrophy associated with increased ventricular wall stiffness due to interstitial
fibrosis are responsible for LV diastolic dysfunction characterized by reduced com-
pliance and abnormal relaxation, leading to diastolic HF. LV systolic function is
usually preserved or is supernormal in the majority of patients, with a small subset
(5-10 %) developing systolic dysfunction [e.g., LV ejection fraction (EF) <50 %) in
the advanced stage (the so called end-stage evolution). This is a result of marked LV
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fibrosis, which is frequently associated with wall thinning and cavity dilatation.
This unfavorable evolution, sometimes morphologically indistinguishable from a
dilated cardiomyopathy, is associated with increased mortality (up to 11 % annual
risk) and morbidity for HF and increased risk of SD [5, 6].

Dynamic LV OT obstruction can be appreciated in the resting condition in
~30 % of HCM patients (obstructive HCM), with a consequent dynamic LV OT
pressure gradient at rest >30 mmHg. One third of patients show no LV OT obstruc-
tion at rest but only during exercise or other provocative maneuvers, such as
Valsalva (labile LV OT obstruction). This peculiar feature of the disease is the
consequence of vigorous systolic contraction, with an accelerated systolic ejection
trough and narrowed LV OT due to systolic anterior motion (SAM) of the anterior
mitral leaflet during mid systole, thus generating dynamic obstruction that assumes
the aspect of a dynamic LV OT pressure gradient. The SAM of the mitral valve
(MV), in association with abnormalities of the valve apparatus, leading to incom-
plete leaflet coaptation in mid systole, can also be responsible for a certain degree
of mitral regurgitation (MR) that is often observed. SD in HCM seems to be less
frequent than it was once thought. Recent data [2] indicate a prevalence of ~5 % in
a hospital-based population. Nevertheless, HCM is the most common cause of SD
in young athletes participating in competitive activity, without significant differ-
ence between genders [7]; SD may be the first clinical manifestation of the
disease.

9.4 Clinical Diagnosis

As aresult of its variability in phenotypic expression, the spectrum of clinical mani-
festations ranges from asymptomatic patients with normal life expectancy to
severely symptomatic individuals. Dyspnea, angina pectoris under stress, palpita-
tions, and occasionally syncope are the most common subjective manifestations, the
most dramatic of which can be SD. SD most frequently occurs during or after stren-
uous physical exercise and is generally consequence of malignant arrhythmias.
Even if physical examination can often be silent, some affected patients manifest
signs of systemic or pulmonary congestion, especially in the end stage of the dis-
ease. Irregular cardiac rhythm due to atrial fibrillation (AF) or presence of a fourth
heart sound in patients in sinus rhythm can be detected on auscultation as a systolic
murmur due to dynamic LV OT obstruction—the auscultatory stigmata of the dis-
ease—often associated with MR murmur. Every maneuver capable of reducing the
preload or afterload (such as Valsalva or inhalation of amyl nitrite) or increasing
contractility may result in an increase in intensity of this characteristic systolic heart
murmur. Presence of particular syndromic findings (dysmorphic facies in patients
with Noonan syndrome or typical maculopapular skin lesions in those with
Anderson-Fabry disease) may suggest systemic disease presenting with an hyper-
trophied LV, which can be considered phenocopies of HCM [3, §].
Electrocardiogram (ECG) is rarely normal in HCM patients, with about 6-10 %
showing normal ECG at presentation [9]. More frequently, patients present with
ECG signs of LV hypertrophy (Fig. 9.2), pathological Q waves, negative T waves,
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Fig.9.2 Electrocardiograph (ECG) in a patient with hypertrophic cardiomyopathy (HCM) show-
ing left ventricular (LV) hypertrophy and T-wave inversion

left-atrial (LA) enlargement, and intraventricular conduction abnormalities. Patients
with a normal ECG at presentation seem to have a less advanced stage of the disease
and a better prognosis [9].

9.5 Other Diagnostic Tools

Ambulatory Holter ECG recording is part of the primary diagnostic and follow-up
approach in detecting nonsustained ventricular tachycardia (e.g., an important risk
factor for SD) and is therefore essential for risk stratification. Invasive electrophysi-
ological examination has become less important in recent years [3]. The exercise
test can be useful for risk stratification in selected patients for monitoring stress-
induced ventricular arrhythmias and blood pressure response to physical exercise
(systolic pressure fall) (see Chap. 13). Cardiac catheterization and endomyocardial
biopsy are rarely employed in clinical practice.

9.6 GeneticTesting

Genetic testing is used to identify affected relatives in families known to have HCM.
Because familial HCM is a dominant disorder, the risk that an affected patient will
transmit the disease is 50 %. When a pathogenic mutation is identified in an index
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Table 9.1 Incidence of major cardiovascular events in HCM patients in the Heart Muscle Disease
Registry of Trieste (1983-2013)

Events per 100 patients per year

All-cause death/heart transplant 297
Heart-failure death/heart transplant 1.8
Sudden cardiac death/major ventricular arrhythmias 1.21

patient, genetic testing may be extended to each family member. Genetic counseling
must be performed before genetic testing to improve patient and family understand-
ing of implications of test results, potential risks, and benefits. Genetic counseling
should be performed even if genetic testing is not undertaken. Genetic screening of
first-degree relatives can identify family members carrying a mutation (genotype
positive) but without overt cardiac hypertrophy (phenotype negative). In such cases,
noninvasive clinical screening with physical examination, ECG, and 2D echocar-
diography or CMR is recommended due to the possibility of an age-related expres-
sion of the disease phenotype [1].

9.7  Natural History

HCM heterogeneity is manifested even in clinical presentation, symptoms severity,
and clinical course (Table 9.1). Many affected patients (with the hypertrophic phe-
notype) present with no symptoms or major disability and experience a normal life
expectancy without complications. On the other hand, symptomatic disease may
present with different, not mutually exclusive, clinical settings. Some patients may
experience SD, which can be the first and last manifestation of the disease, espe-
cially in individuals <35 years of age. Some other patients develop signs and symp-
toms of HF due to diastolic dysfunction (diastolic HF) with a well-preserved LV
systolic function. A minority of those patients (~5-10 %) manifests progression
toward end-stage disease, with impaired contractility and systolic dysfunction due
to massive myocardial fibrosis. Those patients are at very high risk both for refrac-
tory HF and malignant arrhythmias. Finally, some affected individuals developed
AF as a consequence of increased filling pressure and atrial dilatation, which can
contribute to HF symptoms and brings with it major or minor systemic thromboem-
bolic complications (e.g., cardioembolic stroke) [1, 10].

9.8 Differential Diagnosis

HCM enters into differential diagnosis with several other clinical or physiological
conditions characterized by LV hypertrophy, such as hypertensive heart disease,
athlete’s heart, mitochondrial diseases, cardiac amyloidosis (CA), and other infiltra-
tive/storage  CMP. Although sometimes problematic, only a comprehensive
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assessment considering familial and clinical history, physical signs, and integrated
instrumental evaluation help to achieve a correct diagnosis [5, 8]. In this sense,
clinical cardiologists must pay attention to some small, but sometimes fundamental,
clinical-instrumental signs—tred flags—capable of orienting differential diagnosis.

The most common, important, and challenging differential diagnosis with HCM
is hypertensive heart disease, as the two conditions may coexist and they widely
overlap, particularly in individuals in whom severe LV hypertrophy is out of propor-
tion compared with systemic blood pressure levels. In the presence of overlap cases,
the term hypertensive HCM is sometimes used [11]. Distinguishing HCM from
positive physiologic response to intense physical activity seen in athlete’s heart is
very important, considering the overlapping age of presentation of the two condi-
tions and the implications derived from a diagnosis of HCM on participation in
competitive activity. Family history of HCM or SD and presence of symptoms,
particularly syncope during exertion, suggest a diagnosis of HCM. The LV hyper-
trophy seen in athletes manifests with a symmetric distribution without reaching the
magnitude seen in HCM (<16 mm) [7]. Differential diagnosis may be particularly
difficult in African American athletes in whom LV hypertrophy tends to be very
marked and the ECG is often abnormal. Nevertheless, an adequate detraining period
will show hypertrophy regression and reduced LV cavity dimension in healthy
young athletes, which is different from patients affected with HCM.

Many characteristic features help differentiate CA from HCM, including familial
and individual history, physical examination, and evidence of signs and symptoms
of systemic involvement of other organs and apparatus (kidney, nervous system,
liver, etc). Vitreous opacities, paraesthesia, and bilateral carpal tunnel syndrome are
characteristic of transthyretin (TTR)-related amyloidosis. Some biochemical labo-
ratory tests, such as serum immunoglobulin-free light-chains assay, serum and urine
immunofixation, and urine electrophoresis, can be used to detect the abnormal
clonal immunoglobulin light-chain production associated with plasma-cell dyscra-
sias in the most common form of CA: AL-related amyloidosis. In CA, the ECG may
show atrioventricular blocks, and low QRS voltage, in contrast to the degree of
hypertrophy visible at echocardiographic evaluation, even if this feature manifests
low sensitivity. Much more important is the relation of the arithmetic sum of posi-
tive and negative QRS deflections in the limb or in the 12 leads to the LV mass. A
low ratio suggests a diagnosis of CA (especially AL and TTR amyloidosis), in con-
trast to a high value often seen in HCM. Moreover, LV hypertrophy in CA manifests
a symmetric, homogenous distribution, with a characteristic, although not always
seen, granular-sparkling myocardial echogenicity [8].

Another important diagnostic possibility is Anderson-Fabry disease, a geneti-
cally transmitted storage disease thought to account for 6-10 % of cases of pheno-
typic nonobstructive HCM. It is difficult to distinguish Fabry disease from HCM
with echocardiography alone, and the diagnosis is often the result of familiar and
personal history (in this sense, an X-linked pathway of inheritance may suggest the
diagnosis), clinical examination, and evidence of signs and symptoms of systemic
involvement, such as cutaneous angiokeratomata, anhidrosis, Raynaud-like symp-
toms, neuropathy, ocular manifestations, tinnitus, diarrhea, and proteinuria. ECG



9 Hypertrophic Cardiomyopathy: Clinical Assessment and Differential Diagnosis 91

may show atrioventricular blocks. It is interesting to note that storage diseases rarely
manifest in adults, but Fabry disease represents an exception, with a mean age of
presentation between the fourth and fifth decade of life [8]. Differential diagnosis is
relevant for patients because treatment with human a-galactosidase A produced
with genetic technology can improve most Fabry disease manifestations.

Danon disease (also known as glycogen storage disease type IIb) due to LAMP2
gene mutation, and Pompe disease (or glycogen storage disease type II) caused by
mutations in the gene encoding for alpha-glucosidase lysosomal enzyme, are meta-
bolic storage disorders that also enter into differential diagnosis with HCM because
of their hypertrophic phenotype. What may help differentiating these conditions
from sarcomeric HCM are the pathways of inheritance (X-linked for Danon and
autosomal recessive for Pompe disease); expression in a child or adolescent with
massive and concentric ventricular hypertrophy, often with coexistent systolic dys-
function; presence of neuromuscular symptoms (e.g., skeletal muscle weakness,
progressive exercise intolerance, cognitive impairment, and retinitis pigmentosa in
Danon disease); atrioventricular blocks; ventricular pre-excitation and high QRS
voltage on ECG; and raised levels of serum creatine phosphokinase [8].

PRKAG?2 cardiac syndrome is a rare autosomal dominant disorder, the conse-
quence of mutation in the protein kinase, adenosine monophosphate (AMP)-
activated, noncatalytic, gamma-2 (PRKAG?2) gene, commonly characterized by LV
hypertrophy, ventricular pre-excitation for the presence of an accessory pathway,
and conduction disorders, often leading to pacemaker implantation [12].

Even if rare, mitochondrial diseases [e.g., mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes (MELAS), myoclonic epilepsy with
ragged red fibers (MERRF), Barth syndrome] caused by mutations in mitochon-
drial DNA, deserve a mention in the differential diagnostic process in HCM. They
are inherited with a matrilinear transmission, a unique feature that helps distin-
guish these disorders form HCM. Clinical manifestations appear early in life, with
a characteristic multisystemic involvement of organs with high-energy requests.
Cardiac involvement is almost always present and is characterized by concentric
hypertrophy, often with associated systolic impairment. Signs and symptoms fre-
quently seen are hypoacousia, palpebral ptosis, myopathy with ragged red fibers,
ophthalmoplegia, encephalopathy, and retinitis pigmentosa, with a phenotypic het-
erogeneity at the organ level. ECG shows atrioventricular blocks and ventricular
pre-excitation, whereas laboratory studies may evidence increased creatine phos-
phokinase and transaminase serum levels, lactic acidosis, myoglobinuria, and leu-
kocytopenia [8].

HCM phenotype may be a feature of rare congenital autosomal dominant dys-
morphic syndromes—such as Noonan syndrome—characterized by short stature,
variable developmental delay, cutaneous abnormalities, hypertelorism, ptosis, low-
set and posteriorly rotated ears, and a webbed neck, as well as LEOPARD syndrome
(lentigines, ECG abnormalities, ocular hypertelorism, pulmonary stenosis, abnor-
mal genitalia, retardation of growth, and sensory—neural deafness). In these cases,
differential diagnosis is usually simple due to evident morphological abnormalities,
but somatic features may sometimes be subtle [8].



92 M. Merlo et al.

9.9 Implantable Cardioverter Defibrillator Implantation
and Therapeutic Options

HCM is the most common cause of SD in young people, including trained athletes.
Implantable cardioverter defibrillator (ICD) therapy represents the only strategy for
prolonging life expectancy in HCM patients. ICDs are effective in preventing this
life-threatening complication, with appropriate intervention rates of 11 % for sec-
ondary and 4 % for primary prevention. On the other hand, antiarrhythmic pharma-
cologic therapy (such as beta-blockers and amiodarone) does not provide adequate
protection from SD [13].

Pharmacological treatments are indicated only in symptomatic patients [1].
Beta-blockers are considered the first-line drugs for treating angina or exertional
dyspnea. When beta-blockers are contraindicated or not well tolerated, verapamil
can be used. In patients not responding to single-drug therapy, the association
between beta-blockers and verapamil or diltiazem may be an alternative. In patients
not responding to these drugs, disopyramide may be given, exploiting its negative
inotropic effect. This drug should always be used in association with verapamil or
diltiazem or with a beta-blocker, particularly in patients with AF, due to the risk of
increasing ventricular rate.

In patients presenting with symptoms or signs of HF, evidence-based therapy for
HF should be used. Vasodilators, such as angiotensin-converting enzyme (ACE)
inhibitors or dihydropyridinic calcium-channel blockers, in symptomatic patients
showing significant LV OT obstruction are generally contraindicated because of the
risk of increasing the dynamic gradient. In patients with either paroxysmal, persis-
tent, or chronic AF, anticoagulation with vitamin K antagonists to an International
Normalized Ratio (INR) of 2.0-3.0 is indicated. In this setting, controlling ventricu-
lar rate may require high doses of beta-blockers and nondihydropyridine calcium-
channel blockers, whereas disopyramide (with ventricular-rate-controlling agents)
and amiodarone are useful in a rhythm control strategy. Sotalol, dofetilide, and
dronedarone might be used, but clinical evidence with these drugs is limited.
Patients with refractory symptoms or who are unable to take antiarrhythmic drugs
should be considered for AF radiofrequency ablation or, in highly select cases, sur-
gical Maze procedure with closure of the LA appendage [1].

Invasive septal-reduction strategies are indicated only in patients with obstruc-
tive HCM who remain severely symptomatic [New York Heart Association (NYHA)
functional class 3—4] despite optimal medical therapy [1]. Surgical septal myectomy
(with or without MV repair or replacement) represents the most effective treatment,
particularly in patients who are candidates for cardiac surgery for other reasons
(coronary artery disease, etc.) [1]. The alternative of catheter alcohol septal ablation
may be considered in patients with severe comorbidities or contraindication to car-
diac surgery, thus representing a second choice. It is unadvisable in children and in
patients with massive septal hypertrophy, in whom it will probably be unsuccessful.
Alcohol septal ablation may also be a therapeutic option for patients who are candi-
dates for surgery and who reject this therapeutic option; careful and complete dis-
cussion with the patient is essential [1].
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In symptomatic patients with LV OT obstruction in whom an ICD has already
been implanted for high-risk status and who are suboptimal candidates for septal
reduction therapies because of severe comorbidities, dual-chamber atrioventricular
pacing (DDD pacing) may be considered. Pacing the right ventricular apex and
maintaining atrioventricular synchrony may result in decreased LV OT gradient and
improved symptoms, even if a real, long-term benefit is seen in a minority of patients
only, probably largely due to a placebo effect [14].

In patients in sinus rhythm and end-stage disease, severe LV dysfunction (e.g.,
LVEF <35 %), highly symptomatic for HF despite optimal medical therapy and left
bundle branch block (LBBB) on ECG, cardiac resynchronization therapy (CRT)
with biventricular pacing should be considered as a therapeutic option. Nevertheless,
due to paucity of published data on CRT in HCM patients, the real benefit of this
strategy it is still unclear [15].

The very last therapeutic option for patients with end-stage disease and severe
HF symptoms (NYHA functional class III-IV) who are unresponsive to all other
interventions is represented by heart transplantation and, in some selected cases,
often a bridge to transplantation using a mechanical ventricular-assist device.
Rarely, heart transplantation can be considered, even in the absence of significant
LV dysfunction, for patients with refractory angina or arrhythmias [1].
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Gherardo Finocchiaro, Bruno Pinamonti, and Elena Abate

10.1 Introduction

As in the other cardiomyopathies (CMP), echocardiography has a major role in the
diagnostic assessment and prognostic stratification of hypertrophic cardiomyopathy
(HCM) [1]. The clinical-echocardiographic diagnosis of HCM is based on the dem-
onstration of significant left ventricular (LV) hypertrophy in the absence of another
disease process that could reasonably account for the magnitude of hypertrophy
present [2].

10.2 LeftVentricular Structural Abnormalities

The echocardiographic hallmark of HCM is a pathologic increase in LV wall thick-
ness, with a corresponding increase in LV mass [3]. In adults, the diagnostic cut-off
for end-diastolic LV wall thickness is 15 mm. In the pediatric population, LV hyper-
trophy is defined considering LV end-diastolic wall thickness indexed for body sur-
face area (BSA) [more than two standard deviations (SD) above the mean value for
a normal population of infants, children, and adolescents with similar BSA] [4].
Degree and location of increased LV wall thickness vary significantly. Various
morphologic categories have traditionally been used to describe hypertrophic LV
appearance. Wigle et al. [5] proposed a points scoring system that takes into account
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Fig. 10.1 Parasternal long-axis view (a), M-mode (b), parasternal short-axis view (c), apical
four-chamber view (d), end-diastolic frames, of a 39-year-old woman with hypertrophic cardio-
myopathy and asymmetric hypertrophy. There is severe septal hypertrophy (24 mm) and normal
thickness of posterior and lateral walls (arrows)

the degree of interventricular septum (IVS) thickness, starting from a value of
15 mm, and the extension of hypertrophy from the base to the apex. Spirito et al. [6]
developed a method to quantify the magnitude of hypertrophy, comprehensive of
the parasternal long- and short-axis and apical views.

In HCM, hypertrophy is most frequently asymmetric (ratio of end-diastolic IVS
to posterior wall thicknesses >1.3—1.5) (Fig. 10.1, Clips 10.1a, 10.1b, 10.1c, 10.1d,
10.1e, and 10.1f). In the most recent classification, the morphology and distribution
of hypertrophy is classified into four categories according to IVS morphology and
curvature: reverse curve, sigmoidal, neutral, apical (Fig. 10.2) [7, 8]. Reverse curva-
ture IVS morphology is generally associated with more severe hypertrophy and
more frequent demonstration of abnormal genetics [7, 8]. Apical HCM (Fig. 10.3,
Clips 10.2a, 10.2b, 10.2¢c, 10.2d, and 10.2e) is more frequently seen in the Asian
population, especially Japanese, than in the Western population, and could be asso-
ciated with midventricular obstruction and apical aneurysms [9].

Hypertrophy severity varies, ranging from mild to very severe (wall thickness
>30 mm) (Fig. 10.4, Clips 10.3a, 10.3b, 10.3c, 10.3d, and 10.3e). LV mass assess-
ment, which is useful for hypertrophy quantification, is problematic and unreliable
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Sigmoidal Reverse curve Neutral
HCM HCM HCM

40-50% 30-40%

~10 % Myofilament ~ 80 % Myofilament ~ 30 % Myofilament ~ 40 % Myofilament
gene + gene + gene + gene +

Fig.10.2 Septal morphologies in hypertrophic cardiomyopathy. Prevalence of septal morphologies
(top) among a large cohort of patients with hypertrophic cardiomyopathy. Data from genetic
testing in each subgroup of patients (bottom). HCM hypertrophic cardiomyopathy (From [7], with
permission)

Fig. 10.3 A 16-year-old patient with apical hypertrophic cardiomyopathy. Parasternal long-axis
(a), short-axis at the mitral valve level (b), short-axis at the apical level (¢), and apical four-chamber
view (d), end-diastolic frames, demonstrating severe left ventricular hypertrophy at the midapical
level (maximal septal thickness 36 mm)
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Fig. 10.4 Massive hypertrophy of the left ventricular septum (arrows) in an 18-year-old patient
with asymmetrical hypertrophic cardiomyopathy. Parasternal long-axis (a) and parasternal short-
axis (b) views, end-diastolic frames. Maximal septal thickness 43 mm

by traditional echocardiographic formulae based on M-mode due to the irregular
distribution of hypertrophy [10]. Sometimes, the extent of hypertrophy is difficult to
visualize; thus LV cavity opacification by intravenous administration of contrast
material [11] or cardiac magnetic resonance (CMR) may be helpful. In particular,
apical HCM and apical aneurysms can be missed on transthoracic echocardiogra-
phy (TTE) [12, 13]. The HCM phenotype could be associated with accentuated
trabeculations, sometimes in a continuum with LV noncompaction [14].

10.3 Left Ventricular Systolic Function

In the majority of patients with the classic form of HCM, LV systolic function is
described to be normal or supranormal (Clips 10.1a, 10.1c, 10.1d, and 10.1e).

However, although LV ejection fraction (EF) is frequently seen as more than
70 %, significant hypertrophy hesitates in small LV end-diastolic volumes and cav-
ity size, with abnormal filling and these features explain the reduced stroke volume
[1]. A minority (5-10 %) of patients develop LV systolic dysfunction (end-stage
phase with EF <50 %) (Fig. 10.5, Clips 10.4a and 10.4b) [15]. End-stage HCM
seems to have a strong genetic background: Girolami et al. [16] showed that can be
associated with multiple genetic mutations.

Overt dysfunction is characterized by severe functional LV deterioration sub-
tended by extreme degrees of fibrosis and remodeling and generally associated with
increased dimensions and wall thinning (apparent regression of hypertrophy), thus
mimicking dilated cardiomyopathy (DCM). Progressive heart failure (HF) and
adverse outcome are common. There are primarily two morphofunctional manifes-
tations of HCM in the advanced stage: the hypokinetic-dilated form, and the
hypokinetic-restrictive form. The first is characterized by LV volume increase and
spherical remodeling; in the second, the distinctive feature is a small hypertrophic
LV with severe diastolic dysfunction and mild systolic impairment [17].
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Fig.10.5 Woman with end-stage hypertrophic cardiomyopathy with a progression to significant
left ventricular systolic dysfunction. M-mode echocardiography (a) shows severe septal hypertro-
phy (25 mm) associated with left ventricular dilatation (end-diastolic diameter 59 mm, end-
diastolic diameter corrected for body surface area 35 mm/mq), and systolic dysfunction (fractional
shortening 16 %, ejection fraction 22 %). Transmitral pulsed Doppler shows severe diastolic dys-
function with restrictive filling pattern (b)

10.4 Left Ventricular Diastolic Function

Diastolic dysfunction is the main and most frequent hemodynamic abnormality
described in HCM. Its importance led to an extensive search for accurate, noninva-
sive methods of quantifying its severity. Doppler echocardiography allows assess-
ment of diastolic dysfunction in HCM, even if conventional parameters, such as
E-wave deceleration time and E/A ratio on transmitral flow, do not correlate well
with LV filling pressure, as it does in other CMP, such as DCM [18]. Conversely,
atrial reversal velocity from the pulmonary veins and its duration, recorded at
pulsed-wave (PW) Doppler, significantly correlate with LV end-diastolic pressures
[19]. A restrictive filling pattern can be present in a minority of patients and corre-
sponds to severe diastolic dysfunction, as in other heart diseases (Fig. 10.5) [20].

Considering tissue Doppler imaging (TDI) assessment of diastolic dysfunction,
previous studies noted reasonable correlations between E/E’ ratio and LV filling
pressures in HCM [19]. However, the E/E’ ratio is poorly correlated with capillary
wedge pressures measurements at catheterization [12, 13]. Therefore, it must be
considered as unreliable as a single parameter for assessing LV diastolic dysfunc-
tion in patients with HCM.

Left-atrial (LA) volume can be useful as a surrogate for diastolic dysfunction,
particularly in the absence of significant mitral regurgitation (MR) and atrial fibril-
lation (AF) [21].

In conclusion, as suggested by international guidelines on echo Doppler assess-
ment of diastolic dysfunction [22], a comprehensive echocardiographic approach is
recommended when predicting LV filling pressures in patients with HCM, taking
into consideration transmitral Doppler and TDI velocities and ratios, as well as
pulmonary vein flow pattern, pulmonary artery pressure, and LA volume.
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Fig. 10.6 Doppler echocardiography in a patient with obstructive hypertrophic cardiomyopathy.
Parasternal long-axis view, systolic frame (a), demonstrating systolic anterior motion of the anterior
mitral leaflet (arrow). Color Doppler examination, systolic frame (b), shows marked turbulence in
the left ventricular outflow tract and a posteriorly directed jet of mitral regurgitation. The continuous-
wave Doppler image recorded through the left ventricular outflow tract (c) shows a late-peaking
systolic gradient with peak pressure gradient of 64 mmHg at rest

10.5 Mitral Valve

HCM may be associated with a variety of intrinsic abnormalities of the mitral valve
(MV), including anomalous mitral papillary muscles or chordae, direct papillary
insertion into the mitral leaflets, MV prolapse, and chordal rupture. Furthermore,
MYV abnormalities may have a major role in generating LV obstruction [23]. Systolic
anterior motion (SAM) of the anterior mitral leaflet—with or without a pressure
gradient across the LV outflow tract (LVOT)—although not pathognomonic, is
highly indicative of HCM (Fig. 10.6, Clips 10.5a and 10.5b) [24].

The first study using cardiac ultrasound (US) to establish MV SAM was pub-
lished in 1969 [25]. Even if subsequent advances in echocardiography substantially
increased our comprehension of the processes underlying LV OT obstruction, the
mechanism of SAM in HCM is not yet completely defined. SAM typically involves
the anterior—and, less often—the posterior leaflet. Initially it was thought to be
related to the Venturi effect and that raised flow velocities in a LVOT anatomically
distorted by septal hypertrophy could pull the MV leaflets toward the septum, induc-
ing a significant obstruction. The true mechanism is probably much more complex
and involves the subvalvular apparatus and drag forces created by a hyperdynamic
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LV, which predispose the leaflets to being swept into the LVOT [26]. Studies using
both transesophageal echocardiography (TEE) and CMR show that both mitral leaf-
lets—in particular, the anterior—are longer than those of control individuals, which
could be a factor predisposing to SAM [27].

MR and its severity are correlated with the degree of SAM and obstruction [28].
Grigg et al. [29], studying 32 HCM patients with intraoperative TEE during myec-
tomy, found that in 56 %, neither MV leaflet coapted in midsystole secondary to
severe SAM, leading to a jet originating from the gap between the two leaflets.

Considering papillary muscles, the currently described abnormalities are papil-
lary muscle hypertrophy, papillary muscle fusion with IVS, anterior apically dis-
placed papillary muscles, papillary muscle insertion directly in the anterior mitral
leaflet, papillary muscle fusion with the LV free wall, double-bifid papillary mus-
cles, and accessory papillary muscles [30, 31]. Even if echocardiography plays a
major role in identifying these abnormalities, studies in patients undergoing septal
myectomy show that they are frequently not identified by TTE and are often identi-
fied only during direct inspection at the time of operation [32]. Therefore, TEE and/
or CMR are indicated in patients with HCM and severe MR who are potential can-
didates for surgery.

In clinical practice, MR jet direction at color Doppler examination is useful to
predict its mechanism (posterolateral jet direction in SAM-related MR; anterior MV
leaflet prolapse; anteromedial jet direction in MR due to posterior MV leaflet pro-
lapse) (Fig. 10.6, Clip 10.5¢).

10.6 LeftVentricular Obstruction

A significant pressure gradient at rest or during exercise affects more than 70 % of
the patients with HCM [33]. Doppler echocardiography plays a primary role in
assessing patients with obstructive HCM. Using the simplified Bernoulli equation
on continuous-wave Doppler signal from the LV—as in valvular heart diseases—it
is possible to reliably estimate peak and mean intraventricular systolic pressure gra-
dients. In addition, accurate echocardiographic examination provides important
insights about mechanisms that generate LV obstruction, and color and PW Doppler
mapping are highly useful for determining the obstruction site [34].

A LV gradient >30 mmHg at rest and >50 mmHg at stress is considered signifi-
cant (Fig. 10.6) [4]. Midcavitary obstruction can occur with and without LVOT
obstruction in ventricles with hyperdynamic function and concentric and/or apical
hypertrophy (Fig. 10.7, Clips 10.6a and 10.6b) and is sometimes accompanied by an
apical aneurysm [3].

Echocardiography can be useful for tailoring therapeutic approaches to obstruc-
tive HCM, especially when a septal reduction (septal myectomy or alcohol septal
ablation) is considered [1]. In particular, in the setting of alcohol septal ablation,
echocardiographic monitoring enables visualization of the strategic septal area
involved in outflow gradient formation, thereby defining the area and extent of
future necrosis [35]. Furthermore, TEE with direct intracoronary contrast injection
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Fig.10.7 A 20-year-old woman with hypertrophic cardiomyopathy, hyperdynamic left ventricular
function, and midcavitary obstruction. Apical four-chamber view, end-diastolic frame, demonstrating
severe left ventricular septal hypertrophy at midapical level (septal thickness 29 mm) (a). Apical
four-chamber view, systolic frame, with color Doppler imaging, showing midcavity obliteration
with a very narrow residual left ventricular cavity (arrows) (b). Continuous-wave Doppler image
recorded at midcavity showing a peak systolic pressure gradient of 94 mmHg (c)

immediately before septal alcohol ablation, is crucial for assessing the site and
extension of the myocardial area to be treated [36]. On the other hand, intraopera-
tive TEE is useful for assessing residual obstruction and/or MR during septal
myectomy.

10.7 Right Ventricle

Although HCM is a disease known to affect mainly the LV, studies show involve-
ment of the right ventricle (RV). RV abnormalities range from hypertrophy, systolic
and diastolic dysfunction, RV systolic gradient, and consequences of secondary pul-
monary hypertension [37].

Severino et al. demonstrated that in HCM, despite the absence of RV systolic
dysfunction, the majority of patients show signs of abnormal RV filling patterns [38].
Finocchiaro et al. [39] show how RV dysfunction, based on the RV myocardial
performance index, is common in HCM patients (with significantly higher values than
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a healthy control cohort: 0.51+0.18 vs 0.25+0.06, p<0.001) and is more frequently
observed in patients with LV dysfunction and pulmonary hypertension. RV hypertro-
phy and function can be better assessed by CMR [40] (Chap. 12).

10.8 Differential Diagnosis with Other Causes
of Hypertrophy

It is important to remember that LV and/or RV hypertrophy cannot be considered
pathognomonic of HCM. Secondary forms—for example, in the context of hyper-
tension, infiltrative and storage CMP such as cardiac amyloidosis (CA) and
Anderson-Fabry disease—may be very difficult to distinguish from HCM. This fact
has generated some confusion also in terminology [41].

In some case, the degree and the distribution of hypertrophy may help in dis-
criminating HCM from other forms of LV hypertrophy. For example, in CA, wall
thickening is usually concentric; in Anderson-Fabry disease, the binary appearance
at echocardiography of the LV endocardial border has been questioned as a possible
characteristic [42], although not specific [43], feature.

Even if echocardiography could be helpful in the differential diagnosis with other
causes of hypertrophy, its role must be considered in the context of the clinical pic-
ture and electrocardiography, possibly gathering information from genetics and
histopathology. Furthermore, other imaging modalities, particularly CMR (Chap. 12)
can be helpful in the differential diagnosis.

10.9 Athlete Heart and Hypertrophic Cardiomyopathy

Because of the potentially adverse consequences of underlying cardiovascular dis-
ease in young athletes, considerable attention has focused on discriminating physi-
ologically based athlete’s heart from various structural heart diseases. In particular,
in athletes, it is important to rule out a disease that can potentially lead to sudden
death (SD), such as HCM, and echocardiography plays a primary role in this set-
ting [44].

First, significant hypertrophy may occur only in athletes who undergo very
intensive training, and a discrepancy between the intensity of physical activity and
the degree of hypertrophy is an important clue in the differential diagnosis.
Maximum LV end-diastolic wall thickness of 15 mm in young trained athletes
likely represents the upper limit of physiologic LV hypertrophy. However, an
important minority of patients with HCM show only mild to moderate wall thick-
ening in a grey zone of 13—15 mm, which overlaps with that found in elite athletes.
Therefore, absolute LV wall thickness itself is often not helpful in discriminating
the two conditions. Usually, hypertrophy in HCM is asymmetric and the LV cavity
is small, whereas athletes show a concentric hypertrophy and enlarged cavity. LV
obstruction at rest or during exercise is common (two of three patients) in HCM but
is not present in trained athletes [31]. Besides, various degrees of diastolic dysfunction
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are frequently observed in HCM, whereas athletes have normal filling pattern at
transmitral Doppler [45].

TDI and E’ velocities should also be evaluated in grey cases. In fact, an E’ veloc-
ity <9 cm/s provides the best differentiation of pathologic from physiologic hyper-
trophy, with a sensitivity of 87 % and a specificity of 97 % [46]. LA remodeling can
be frequently observed in athletes. In HCM, LA enlargement is often a consequence
of diastolic dysfunction and is associated with a small cavity, whereas in athletes, it
is dimensionally related to an enlarged LV cavity [47].

10.10 Echocardiography in Preclinical Diagnosis

HCM is caused by known sarcomere gene mutations in ~60 % of patients [48]. One
important but challenging point is that phenotypic expression could be highly vari-
able, and some patients do not show LV hypertrophy despite the presence of a gene
mutation. Through genetic testing, relatives who have inherited the family’s patho-
genic sarcomere mutation (G+) can be identified before they exhibit diagnostic
clinical features of the disease (LVH-). However, there is evidence that G+/
LVH —mutation carriers have myocardial abnormalities, even when LV wall thick-
ness is normal.

Nagueh et al. [49] demonstrated that subsequent HCM development in patients
with initially reduced TDI velocities establishes TDI as a reliable method for early
identification of HCM mutation carriers (Chap. 11). Gandjbakhch et al. [50] showed
that several parameters are significantly different in LVH—/G + compared with con-
trols, in particular, IVS/posterior wall ratio, relative wall thickness, and septal E/E’
ratio. There is a growing evidence that new techniques, such as strain imaging and,
in particular, the presence of regional alterations, are indicative of the presence of
underlying subclinical disease [51] (Chap. 11).

10.11 Stress Echocardiography

Exercise echocardiography is an important and useful tool for evaluating symptoms
and monitoring response to therapy in patients with HCM. One of the main roles of
stress echocardiography is the evaluation of latent obstruction. A range of provoca-
tive maneuvers—such as standing and Valsalva maneuver—can be used to induce a
gradient, but exercise Doppler is considered the best test to unmask and assess the
degree of obstruction in HCM (Fig. 10.8) [1].

Maron et al. [33] showed, by a post-treadmill exercise echo Doppler study, that
53 % of symptomatic and asymptomatic HCM patients nonobstructive at rest
developed a significant intraventricular pressure gradient after exercise.
Provocative medications, such as dobutamine infusion, have also been studied but
are considered nonphysiologic and thus are not commonly recommended in this
clinical setting [52].
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Fig.10.8 Continuous-wave Doppler imaging recorded through the left ventricular outflow tract at
rest (a) in a 20-year-old patient with hypertrophic cardiomyopathy. Peak gradient 30 mmHg.
During exercise echocardiography, there is an increase in peak gradient to 150 mmHg at 100 W (b)

In clinical practice, the best method is employing a dedicated semisitting cycle
ergometer, which allows continuous echo Doppler monitoring during a calibrated
exercise test. Exercise Doppler echocardiography can also be helpful for better
understanding the mechanisms underlying patient symptoms, exercise tolerance
limitation, and abnormal blood pressure response to exercise [53, 54]. Patients with
HCM can present with a wide and varied spectrum of symptoms, including exer-
tional dyspnea, chest pain, and syncope. The appearance of these symptoms can be
related to the development of intraventricular obstruction, wall-motion abnormali-
ties, appearance or worsening of MR, and diastolic dysfunction [55].
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11.1 Introduction

The selective employment of advanced echocardiographic techniques has been
recently demonstrated to allow a better understanding of hypertrophic cardiomy-
opathy (HCM) pathophysiology, thus improving diagnostic assessment of this dis-
ease. Specific advanced echocardiographic technologies can be applied to investigate
in depth the wide spectrum of complexities encountered in HCM—from left ven-
tricular (LV) architectural and morphological changes, to diastolic dysfunction,
intraventricular obstruction, and mitral valve (MV) abnormalities.

11.2 Tissue Doppler Imaging

Tissue Doppler imaging (TDI) is a relatively new echocardiographic modality that
allows measurement of myocardial tissue motion and provides real-time quantifica-
tion of axial or longitudinal myocardial function. Annular displacement toward the
apex in systole and away from the apex in diastole represents surrogate measures of
longitudinal ventricular contraction and relaxation, respectively (Fig. 11.1) [1, 2].

Early diastolic mitral annular velocity (E’), a relatively pre-load-independent
index of LV relaxation, is usually reduced in patients with HCM (Fig. 11.1) com-
pared with age-matched controls and relates to LV hypertrophy magnitude [3]. As
shown by Nagueh et al. [1], peak systolic myocardial velocity at TDI (S’) and early
diastolic velocity (E’) are also reduced in patients with subclinical disease (early
phenotype) in comparison with normal controls.
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Fig. 11.1 Patient with hypertrophic cardiomyopathy: M-mode echocardiography (a) shows a
severe left ventricular (LV) septal hypertrophy (24 mm) with preserved systolic function evaluated
with conventional echocardiographic indices (fractional shortening 35 %, ejection fraction 63 %).
Apical four-chamber view (b) demonstrates moderate biatrial dilatation; in the right chambers, the
lead of the implantable cardioverter defibrillator (ICD) is visible. Doppler interrogation of the
transmitral valve (c¢) shows a restrictive filling pattern (E wave=80 cm/s, E wave deceleration
time=115 ms). Tissue Doppler imaging curve on the septal mitral valve annulus (d) shows low
systolic wave velocities (S’ =4 cm/s) and early diastolic wave (E’ =4 cm/s). E/E’ =20

The use of TDI can also assist in differentiating between variants of LV hyper-
trophy. Vinereanu et al. [4] used TDI to distinguish pathological from physi-
ological LV hypertrophy in a study comprising patients with HCM, patients with
systemic hypertension, athletes, and normal individuals. Long-axis systolic and
early-diastolic velocities were decreased in patients with pathologic hypertro-
phy but preserved in athletes. Heterogeneity of annular velocities discriminated
between hypertensive patients and HCM.

Evaluation of the E to /E’ ratio (E/E’) using transmitral Doppler and TDI has
allowed noninvasive estimation of LV filling pressures in various cardiac disease
patient populations [5]. On the contrary, in symptomatic patients with HCM,
Doppler echocardiographic estimates of LV filling pressure using E/E’ correlate
only modestly with direct measurement of left atrial (LA) pressure [6]. Nevertheless,
E/E’ has been correlated with exercise tolerance in adults (with an inverse correla-
tion with peak oxygen consumption) [7] and children [8] with HCM. In addition,
septal E’ velocity appears to be an independent predictor of death and ventricular
arrhythmia in children with HCM [8].
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TDI assessment of regional myocardial function has some important limitations
because of its angle dependence (as with all Doppler techniques) and because it
measures absolute tissue velocities and not myocardial deformation, being conse-
quently influenced by cardiac translational motion and tethering. These limitations
led to the development of more sophisticated echocardiographic techniques, such as
TDI-derived myocardial strain and strain rate and speckle-tracking imaging.

11.2.1 Tissue-Doppler-lmaging-Derived Strain

Longitudinal myocardial strain and strain rate can be estimated by TDI technique
and can provide useful information on local myocardial motion or deformation rela-
tive to the adjacent myocardium [9]. One of the first studies on strain in HCM was by
Yang et al. [10], who reported the assessment of regional myocardial function in 31
adults with HCM diagnosed echocardiographically. Longitudinal strain was evalu-
ated at the basal, mid, and apical segments of septal and lateral walls. It was signifi-
cantly reduced in the septal segments of patients with HCM compared with control
patients. More importantly, within the septum, midseptum longitudinal strain was
significantly diminished compared with basal and apical segments. Kato et al. [11]
demonstrated a major role of strain rate in differentiating nonobstructive HCM from
hypertensive LV hypertrophy. The authors compared an HCM population and hyper-
tensive patients and showed that at multivariate analysis, systolic strain rate and
interventricular septum (IVS)/posterior wall thickness ratio were the most powerful
predictors for the diagnosis of HCM. However, TDI-derived strain imaging also has
technical limitations due to its angle dependence and frequent artifacts.

11.2.2 Speckle-Tracking Imaging

Speckle-tracking echocardiography, relatively a new imaging technique that allows
objective and quantitative evaluation of global and regional myocardial deformation
independently from the angle of insonation and from cardiac translational move-
ments [12], has been employed in HCM in various settings. Serri et al. [13] applied
2D strain echocardiography to a subset of patients with familial nonobstructive
HCM. Despite apparently normal systolic function (with the use of standard crite-
ria), all components of strain (longitudinal, transverse, circumferential, radial) were
significantly reduced in HCM in comparison with a healthy control population.
Carasso et al. [14] showed that patients compared with controls had higher circum-
ferential strain and lower longitudinal strain. In addition, mid-LV rotation was
clockwise (opposite to normal). LV outflow-tract (OT) obstruction and clinical sta-
tus were related to more circumferentially directed strain and reduced apical bipla-
nar strain.

The ability of predicting the presence of myocardial fibrosis in HCM patients using
echocardiography could have important implications, especially when predicting
adverse outcomes, such as sudden death (SD). Funabashi et al. [15] used
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Fig.11.2 Longitudinal strain measurement in seven left ventricular segments from an apical four-
chamber view (upper left), regional strain curves (bottom), and cardiac magnetic resonance (CMR)
(upper right) in hypertrophic cardiomyopathy patient with fibrosis in the interventricular septum.
The segments with fibrosis at CMR show lower longitudinal strain values (less negative) compared
with segments without fibrosis (From [15], with permission)

speckle-tracking echocardiography and cardiac magnetic resonance (CMR) to study
29 HCM patients. The authors showed that absolute peak longitudinal strain values
were significantly lower in fibrotic lesions than in nonfibrotic lesions (Fig. 11.2).
Moreover, there is an inverse association between various histopathologic findings
typical of HCM (myocyte hypertrophy, disarray, small intramural coronary arteriole
dysplasia, interstitial fibrosis) and septal strain rate in symptomatic HCM patients who
undergo surgical myectomy, as demonstrated by Kobayashi et al. [16]. It is thus pos-
sible that myocyte disarray is related to a abnormal ventricular architecture that predis-
poses to worsening regional LV function. Saito et al. [17] showed that global
longitudinal strain might provide useful information regarding myocardial fibrosis
[correlating with late gadolinium enhancement (LGE) at CMR] and cardiac events in
HCM patients with normal systolic function. Strain imaging of the LA allows for a
more direct assessment of LA function. LA longitudinal function, quantified using TDI
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Amyloid-patient HCM-patient
Radial Strain Radial Strain
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Radial strain-pattern at maximal systole

Fig. 11.3 Sixteen-segment polar maps (bull’s-eye plot) of 3D speckle-tracking radial strain in a
patient with cardiac amyloidosis (leff) compared with a patient with hypertrophic cardiomyopathy
(right). The basoapical radial strain gradient displays opposite characteristics in the two diseases:
in cardiac amyloidosis, basal radial strain is significantly reduced, with a gradual increase from
base to apex; hypertrophic cardiomyopathy shows a physiological gradient of basoapically
decreasing radial strain. ant anterior, ant-sept anteroseptal, HCM hypertrophic cardiomyopathy, inf
inferior, lat lateral, post posterior, sept septal (From [19], with permission)

and 2D strain in HCM patients, was reduced compared with non-HCM patients with
LV hypertrophy due to other conditions, as well as with healthy controls [18].

The role of 3D speckle-tracking echocardiography has also been evaluated in
HCM. In particular, in the study by Baccouche et al. [19] comparing cardiac amy-
loidosis (CA) and HCM, basal radial strain was significantly reduced in the former
condition (Fig. 11.3). Moreover, in HCM, 3D speckle-tracking parameters showed
a remarkably weaker correlation with LGE compared with individuals with CA.
This is most likely explained by the focal character of fibrosis, which may be less
accessible for 3D strain imaging compared with amyloid changes.

11.3 Three-Dimensional Echocardiography
Another significant advancement in the field of echocardiography is the develop-

ment and refinement of 3D echocardiography, which can provide insights into
mechanics of LV obstruction, LV architecture, and mitral and aortic structure and
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function. One major advantage of 3D echocardiography is the improved accuracy in
evaluating cardiac chamber volumes by eliminating the need for geometric model-
ing and the errors caused by foreshortened apical views [20].

One of the most common features of HCM is LV obstruction, which is often
complex in nature, involving MV leaflets, papillary muscles, and the hypertrophied
septum [21]. As demonstrated by Song et al. [22] in 39 patients with obstructive
HCM studied with real-time 3D echocardiography, the distance between the IVS
and the anterior MV tip in the medial and central plane was significantly smaller
than that in the lateral plane; lateral distance was the only independent determinant
of LV OT pressure gradient assessed using multiple stepwise regression analysis.

Three-dimensional echocardiography facilitates assessment of the LVOT area after
intervention for septal reduction [23], volumetric estimates of LA mechanical func-
tion [24], and accurate estimation of LV ejection fraction (EF) and LV mass in hyper-
trophied hearts [25]. LV mass assessment is limited using conventional 2D
echocardiography, considering the asymmetric distribution of hypertrophy typical of
the disease [26]. LV mass derived using M-mode American Society of
Echocardiography (ASE) formula, the 2D-based truncated ellipsoid method (2D
mass), and the real-time 3D technique was assessed in comparison with CMR mass.
The closest relationship was with real-time 3D (r=0.86, p<0.001), emphasizing how
this technique is reliable in quantifying LV mass [27]. Moreover, 3D echocardiogra-
phy can help in the diagnosis of anomalous papillary muscles leading to dynamic LV
OT obstruction, which can be challenging with 2D echocardiography [28].

11.4 Contrast Echocardiography

Contrast echocardiography may have a role in HCM diagnosis and assessment,
especially when the acoustic window is suboptimal and in the diagnosis of apical
HCM [29]. As demonstrated by Nagueh et al. [30], myocardial contrast echocar-
diography is accurate in determining the perfusion bed of septal perforators and in
predicting infarct size after ethanol injection in HCM patients treated with alcohol
septal ablation.
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12.1 Introduction

Echocardiography has a primary role in diagnostic assessment of HCM, but other
techniques, such as cardiac magnetic resonance (CMR) and positron emission
tomography (PET), recently became extremely important and helpful in the general
evaluation of the disease and their use is now extremely widespread especially at
referral centers.

12.2 Cardiac Magnetic Resonance

If echocardiography has a main role in the diagnosis and prognostic assessment of
hypertrophic cardiomyopathy (HCM), in many clinical scenarios, technical limita-
tions and heterogeneous phenotypic expression make such evaluation difficult, and
cardiac magnetic resonance (CMR) has emerged as a useful imaging modality to
complement routine transthoracic echocardiography [1, 2]. CMR offers not only
high spatial resolution and complete 3D coverage of the entire heart but can also
allow visualization of myocardial scarring in vivo using late gadolinium enhance-
ment (LGE). Therefore, in many cardiomyopathy (CMP) reference centers, CMR
has become a routinely used imaging tool in patients with HCM and it is indicated
for establishing the diagnosis in patients with a suspicion of the disease but with no
clear diagnostic elements arising from the use of other diagnostic tests [3].
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Fig.12.1 Cardiac magnetic resonance (CMR) of a 35-year-old man with hypertrophic cardiomy-
opathy (HCM) showing severe asymmetric hypertrophy (maximal wall thickness at the basal sep-
tum is 27 mm) and left ventricular outflow tract (LV OT) obstruction. End-diastolic 4 chamber
view (a); end-diastolic 2 chamber view (b); end-diastolic 3 chamber view (c); end-diastolic short-
axis view

12.2.1 Diagnostic Value

CMR is considered the gold standard for evaluating the complex chamber morphol-
ogy and function (Fig. 12.1), as well as the heterogeneous distribution of hypertro-
phy found in HCM patients. In addition, CMR is the best method available to assess
the papillary muscle and mitral valve abnormalities, perfusion abnormalities, and
fibrosis with LGE [4]. Furthermore, when dealing with left ventricular (LV) obstruc-
tion, CMR can characterize the underlying mechanisms, such as MV anatomy, sep-
tal systolic anterior motion contact, and subvalvular apparatus [5-7]. Isolated or
concomitant midventricular obstruction related to midventricular hypertrophy is
also readily demonstrated. CMR is advantageous in identifying the presence and
various distribution of LV hypertrophy, particularly when regions of increased wall
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S

Fig. 12.2 Cardiac magnetic resonance (CMR), four- and three-chamber views, shows different
hypertrophic cardiomyopathy (HCM) morphology subtypes. Asymmetric (a), apical (b), symmet-
ric (c), septal bulge (d)

thickness are focal, such as the anterior free wall, posterior septum, and apex, and
they are not well visualized by echocardiography [8].

The distribution of hypertrophy and distortion of septal anatomy is different
among patients with a clinical diagnosis of HCM made later in life compared with
younger patients. HCM morphology can be classified into five main subtypes: sig-
moid, reverse curve, apical, symmetric, and neutral (Fig. 12.2) [9, 10]. LV apical
aneurysms could also be present in HCM and are frequently associated with a mid-
ventricular obstruction. They can be a substrate for life-threatening arrhythmias and
location of intraventricular thrombi. Echocardiography is not always helpful in their
visualization and Contrast-enhanced CMR demonstrates that they are composed
predominantly of fibrosis [11].

CMR is also helpful in defining the degree of hypertrophy, which in some cases
is massive (Fig. 12.3), and of LV mass, overcoming the limitations of echocardiog-
raphy [12]. As demonstrated by Olivotto et al. [13], LV mass index in HCM patients
significantly exceeds that of control individuals. Interestingly, LV mass index
assessed by CMR showed only a modest relationship to maximal LV thickness
assessed at echocardiography.

The right ventricle (RV) is often not well visualized by echocardiography,
whereas CMR provides optimal assessment of RV volume, systolic function, and
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)
IVS: 30 mm

Fig.12.3 Cardiac magnetic resonance (CMR), three-chamber and short-axis view, of a 40-year-
old man with severe hypertrophy. Interventricular septum (IVS) is measured at 30 mm

wall thickness. According to Maron et al. [14], significant RV hypertrophy (end-
diastolic RV free wall thickness >8 mm) could be demonstrated by CMR in more
than one third of HCM patients. In a substantial proportion of patients, RV wall
mass is also increased.

Microvascular dysfunction and subsequent ischemia may be present in HCM. As
demonstrated by Petersen et al. [15], although resting myocardial blood flow is
similar in HCM patients and healthy controls, during hyperemia, it is significantly
lower in patients. In addition, this decrease in coronary reserve is related to the
extent of LV hypertrophy.

12.2.2 Role in Differential Diagnosis

CMR is helpful in the differential diagnosis between HCM and other pathologic con-
ditions characterized by LV hypertrophy. In particular, hypertrophy pattern and LGE
distribution—although heterogeneous in HCM—are often distinctive in other dis-
eases mimicking HCM, such as some infiltrative/storage CMP [15-17] (Chap. 27).

12.2.3 Genotype-Positive/Phenotype-Negative Individuals

CMR plays a role in assessing a particular patient subgroup within the HCM disease
spectrum, i.e., genetically affected family members without clinical or morphologic
evidence of disease. In this setting, CMR can recognize subtle abnormalities usually
not detected by echocardiography [16]. One feature described in this subset of patients
is the presence of myocardial crypts, characterized by small invaginations inside the
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Fig.12.4 Cardiac magnetic resonance (CMR) two-chamber view of two young carriers—19 (a)
and 20 (b) years—of known disease-causing mutations and overexpression of phenotypes. Note
the presence of myocardial crypts at the inferior wall (black arrows)

myocardium [17] (Fig. 12.4). Another morphological characteristic observed to be
different in comparison with a healthy control population is the presence of longer
mitral leaflets [6]. Interestingly, the MV is often abnormal in patients with HCM, and
it is possible that abnormalities in its structure could be a primary feature linked to
genetic mutation(s) [18]. Valente et al. [19] analyzed 40 genotype-positive/pheno-
type-negative patients using echocardiography and CMR and found a quite good
diagnostic agreement, although CMR measurements of LV wall thickness were 19 %
lower than echo, and 10 % of cases had LV hypertrophy appreciated only by CMR.

12.2.4 Assessment of Myocardial Fibrosis

Images acquired following the injection of gadolinium can help in detecting fibrosis
in HCM, as in other heart diseases. The presence of myocardial fibrosis can be
observed frequently in HCM hearts, and its presence is believed to be a pathological
substrate for cardiac arrhythmias (Fig. 12.5).

In the seminal study by Choudhury et al. [20], myocardial scarring visualized
by LGE was a common finding in asymptomatic or mildly symptomatic HCM
patients (81 %). Also, Moon et al. [21] described a high prevalence of LGE in
patients with HCM (79 %). During follow-up, the extent of scar visualized by
CMR was associated with progressive ventricular dilation and clinical markers of
sudden death (SD). Adabag et al. [22] found that myocardial fibrosis assessed
using LGE was associated with greater likelihood and increased frequency of ven-
tricular tachyarrhythmias on ambulatory Holter electrocardiography (ECG). LGE
was distributed in different patterns (most commonly within the interventricular
septum or in the areas of most extensive hypertrophy) [23]. Extensive LGE was
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Fig. 12.5 Different late gadolinium enhancement (LGE) patterns in hypertrophic cardiomyopa-
thy (HCM). Patchy septal LGE (a) in a patient with severe asymmetric hypertrophy. Anterior and
circumferential LGE in a patient with systolic obliteration (b). Apical LGE in apical HCM (c).
Insertion point LGE (d) in a patient with mild hypertrophy

observed in end-stage HCM with significant systolic LV dysfunction. In general,
LGE correlates with LV wall thickening and inversely correlates with LV ejection
fraction (EF) [24].

Novel techniques for quantifying myocardial extracellular volume, such as T1
mapping, may be promising, particularly for assessing diffuse myocardial intersti-
tial fibrosis in HCM [25]. To date, the roles of these techniques, especially concern-
ing prognostic stratification or relationship with other features such as ventricular
arrhythmias, remain undefined.

There is debate around whether genotype-positive/phenotype-negative HCM
patients have myocardial fibrosis. Even if some case reports describe the presence
of LGE in this condition [26, 27], there is a lack of data on this specific patient
population. Moreover, it is possible that these patients may have subtle myocardial
fibrosis not detected by LGE. Patients without overt LV hypertrophy and a genetic
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mutation have a higher myocardial extracellular volume expansion when assessed
measuring T1 times pre- and postgadolinium infusion [28].

12.3 Single-Photon-Emission Computed Tomography

Single photon emission computed tomography (SPECT) with thallium-201 radio-
chemical thallium chloride [**'T1] demonstrates perfusion abnormalities in patients
with HCM [29-31]. Abnormal stress myocardial perfusion imaging identifies HCM
patients at increased risk of syncope, LV dilatation, reduced exercise capacity, sud-
den cardiac arrest, and cardiovascular death [31-33]. A possible exception may be
found in patients with apical HCM, who seem to maintain a benign prognosis
despite the presence of reversible thallium defects [34]. Abnormalities in regional
myocardial perfusion, in addition to regional hypertrophy, contribute to early
regional diastolic dysfunction in patients with HCM [35].

Fixed 2°'TI perfusion defects, possibly representing fibrosis, detected during
dipyridamole stress test in patients with HCM are associated with syncope, larger
LV cavity dimensions, and reduced exercise capacity [36]. Reduced **'T1 washout
was strongly associated with exertional chest pain in HCM patients and was
observed in myocardial regions with normal as well as increased thickness [37].
Myocardial perfusion was used to demonstrate the beneficial effects of pharmaco-
logic therapy [29, 30] or surgical or transcatheter septal ablation [38, 39]. Regional
fatty acid metabolism abnormalities were demonstrated with 2°'T1 SPECT and ['#]
I-beta-methyl-p-iodophenylpentadecanoic acid (**[-BMIPP) mismatch in HCM
patients [40—42]. These abnormalities seem to occur before reduction of oxidative
metabolism, measured by ['8F]-fluorodeoxyglucose (FDG) and !'C-acetate positron
emission tomography (PET), in patients with HCM [43]. Studies evaluating the role
of regional myocardial sympathetic nerve activity with '>’I-metaiodobenzylguanidine
(MIBG) suggest sympathetic dysinnervation in patients with HCM [44, 45]. Cardiac
sympathetic nervous activity was related to degree of hypertrophy, systolic and dia-
stolic function, and ventricular arrhythmias [46, 47].

12.4 Positron Emission Tomography

The usefulness of PET in patients with HCM was first reported by Grover-McKay
et al. [48]. These authors demonstrated that the hypertrophied septum of patients
with HCM is viable and not ischemic at rest, as it exhibits normal uptake of the fatty
acid tracer !'C-palmitate and normal or only mildly reduced myocardial perfusion.
However, it is metabolically different from normal myocardium, as it fails to take up
the glucose analog ["¥F]-FDG despite normal uptake in the rest of the myocardium.
Later studies confirmed this finding and demonstrated heterogeneity of ['*F]-FDG
uptake in hypertrophied segments, possibly reflecting a metabolic abnormality [49].
This heterogeneity was suggested to be related to regional systolic function [50] and
was increased in patients with HCM diagnosed at a young age compared with
patients diagnosed at middle to old age [51].
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Studies using PET with ["*N]-ammonia or ['’O]-water to assess myocardial
blood flow demonstrate that patients with HCM have a blunted response to the vaso-
dilators dipyridamole and adenosine compared with normal controls or patients
with secondary hypertrophy, thus suggesting microvascular dysfunction [52-56]. A
direct increase in the number of cardiovascular events, including unfavorable LV
remodeling, progressive HF, ventricular tachyarrhythmias, and death, was found
with increasing coronary reserve impairment [54, 56]. A relationship between LGE
CMR and heterogeneous resting myocardial blood flow [57] or microvascular func-
tion studied by stress PET were found [58]. Studies with ''C-12177 (CGP) or
"C-hydroxyephedrine (HED) PET demonstrated the presence of cardiac sympa-
thetic dysinnervation: reduced p-adrenergic receptor density with reduced norepi-
nephrine reuptake by presynaptic terminals [59, 60]. These abnormalities seem to
be particularly prominent in patients with HF [61].

12.5 Computed Tomography

Cardiac CT has the advantage of clearly delineating the myocardium, thus provid-
ing detailed characterization of the HCM phenotype, including accurate wall thick-
ness measurements, and highly reproducible measurements of ventricular volumes,
EF, and mass [62, 63]. In addition, it permits simultaneous imaging of coronary
arteries, RV and LV volume and mass, and global and regional function [64, 65].
However, this imaging method was not extensively studied in HCM patients and
thus is useful only in selected clinical scenarios, following suboptimal echocardio-
graphic images when CMR is contraindicated, or to exclude concomitant coronary
disease (Table 12.1).

Table 12.1 Importance of different imaging techniques in assessing hypertrophic cardiomyopa-
thy (HCM) features

Echocardiography CMR PET CT

Wall thickness evaluation ++ +++ - ++
LV mass + +++ - T+
MYV abnormalities ++ +++ - -
MV regurgitation +++ ++ - -
LV systolic function ++ +++ - -
LV diastolic function +++ + - -
LV obstruction/quantification of gradient +++ + — -
LA size ++ ++ - +
Apical aneurysm ++ o+ - +
Perfusion abnormalities - ++ +++ -
Fibrosis - +++ - -
Screening +++ ++ - —
Monitoring during septal reduction therapy +++ - - -

LV left ventricular, MV mitral valve, CMR cardiac magnetic resonance, PET positron emission
tomography, CT computed tomography
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Conclusion

Various imaging techniques contribute to the general assessment of HCM. EAch
of them has stength and weakness (Table 12.1) and a multiparametric evaluation
is pivotal in this setting.
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13.1 Introduction

In hypertrophic cardiomyopathy (HCM), as in the other cardiomyopathies (CMP),
cardiac imaging is not only a main diagnostic tool but offers important prognostic
information. It is well known that HCM is a polymorphic disease with a variable
natural history. Some patients remain stable over long periods, but a variable num-
ber of cases take a progressive evolution toward end-stage disease with refractory
heart failure (HF) or sudden death (SD) [1]. A thorough assessment of structural
and functional features identifies several risk factors by which the clinician can
discriminate severe disease from a more benign condition. O’Mahony et al. [2]
described a prognostic model for sudden SD from a large cohort of HCM patients
(n=3,675). Several factors deriving from imaging assessment [maximal left ven-
tricular (LV) wall thickness, left atrial (LA) diameter, left ventricular (LV) outflow
tract (OT) gradient] were predictive of outcome (Table 13.1).

13.2 Left Ventricular Hypertrophy

Being that LV hypertrophy a hallmark of HCM, the degree of LV wall thickness has
been tested in several studies as a possible risk factor for adverse outcome. In a large
patient population, Spirito et al. [3] demonstrated that the magnitude of hypertrophy
is directly related to the risk of SD and is a strong and independent predictor of
prognosis. Young patients with extreme hypertrophy (end-diastolic wall thickness
>30 mm) assessed at M-mode and 2D echocardiography, even those with few or no
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Table 13.1 Risk factors and potential arbitrators for sudden death (SD) in hypertrophic cardio-
myopathy (HCM)

Secondary prevention Primary prevention Potential arbitrators
Cardiac arrest/sustained VT Family history of SD LV apical aneurysms
Syncope End-stage phase
Massive LVH >30 mm LGE
NS VT at Holter LV obstruction

Abnormal exercise BP response

VT ventricular tachycardia, LVH left ventricular hypertrophy, NS VT nonsustained ventricular
tachycardia, LGE late gadolinium enhancement

symptoms, appeared to be at substantially increased long-term risk, deserving con-
sideration for interventions to prevent SD. Elliott et al. [4] found that patients with
LV wall thickness >30 mm had a higher probability of SD or implanted cardiac
defibrillator (ICD) discharge than other HCM patients; however, when considered
together, the number of additional risk factors (one to three) was a better predictor
of risk than wall thickness alone.

In conclusion, and according to the most recent guidelines [5], severe LV hyper-
trophy is one of the main factors to be considered for ICD implantation for primary
prevention of SD.

13.3 Diastolic Dysfunction

Various degrees of diastolic dysfunction are common in HCM. If severe, it is a marker
of adverse outcome. In particular, restrictive filling pattern (RFP) is quite uncommon
in HCM, but its evaluation adds prognostic power to the stratification of the patients,
as demonstrated by our group [6]. Furthermore, Biagini et al. [7] demonstrated that
RFP is a hallmark of severe phenotype, being a strong predictor of SD and progres-
sion to end-stage hypokinetic evolution of the disease. In this setting, tissue Doppler
imaging (TDI) plays a role—especially in asymptomatic or mildly symptomatic
patients—in predicting cardiovascular events. In particular, E wave to E’ ratio (E/E’)
was demonstrated as an independent predictor of adverse outcome [8].

The prognostic role of right ventricular (RV) diastolic function was analyzed in
patients with HCM by Pagourelias et al. [9]. Patients presenting with increased RV
E/E’ ratio (ratio of tricuspid in flow E wave to E’ wave obtained by TDI at the lateral
tricuspid annulus) had a 1.6-times greater risk for HF mortality, whereas patients
with shortened tricuspid E wave deceleration time had a 1.1 greater risk for SD.

13.4 Left Atrial Size

LA size is associated with an adverse prognosis in various cardiovascular diseases
[10]. In HCM, LA enlargement is common, is associated with several adverse
pathophysiologic consequences such as LV OT obstruction, and is predictive of
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atrial fibrillation (AF), which is a major predictor of adverse outcome [11]. Nistri
et al., using data from an Italian multicentric registry, demonstrated on a large popu-
lation of patients with HCM (n=1,491) that LA dimension is an independent marker
of prognosis, particularly relevant in identifying patients at risk for HF-related death
[12]. These results were confirmed by studies that considered the independent role
of LA diameter in predicting death in the very-long-term follow-up [13].

13.5 Left Ventricular Obstruction

Another feature that frequently affects HCM patients is LV obstruction [14]. As
demonstrated by Maron et al. [15] in a population of 1,101 HCM patients, LV OT
obstruction is a major risk factor for death related to HCM, stroke, or HF and pro-
gression to New York Heart Association (NYHA) class III or IV. The role of LV
obstruction in predicting SD is more heatedly debated. Elliott and coworkers [16]
reported that it was associated with an increased risk of SD/ICD discharge that was
related to obstruction severity and the presence of other recognized risk factors.
Conversely, Efthimiadis et al. [17] found that LV OT obstruction did not emerge as
an independent predictor of SD. Obstacles to outflow obstruction as a primary risk
factor include its dynamic nature, and the high frequency of obstruction encoun-
tered in the HCM patient population [15].

13.6 Evolution During Follow-up

HCM can have a highly variable course. Whereas the majority of patients remain
stable during the follow-up, some experience adverse LV remodeling with progres-
sive reduction of systolic function (end-stage disease) [18]. In this setting cardiac
imaging is pivotal for monitoring during follow-up. As shown by our group [19], of
101 patients affected by HCM and with long-term follow-up, the number of patients
who evolve toward systolic or diastolic dysfunction is not negligible (28 and 16 %,
respectively). Taking follow-up evaluation into consideration adds accuracy to the
general prognostic assessment of the disease.

The outcome of HCM patients in end-stage disease is particularly severe, not only due
to high rates of HF-related complications and mortality but because of a considerable
incidence of SD [20]. Consequently, accurate and prompt diagnosis of this condition is
important and can affect the general therapeutic management (possible indications to
ICD, cardiac resynchronization therapy (CRT), heart transplantation).

13.7 Late Gadolinium Enhancement

Cardiac magnetic resonance (CMR) may add important information to the prognos-
tic assessment of HCM patients. In particular, fibrosis, as assessed by late gadolin-
ium enhancement (LGE), is hypothesized to be related to SD. Recent cross-sectional
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studies demonstrated a strong association between LGE and ventricular tachyar-
rhythmias on ambulatory Holter electrocardiography (ECG) [21-23]. Adabag et al.
[24] found that LGE was an independent risk factor for ventricular arrhythmias and
conferred a 7.3-fold [95 % confidence interval (CI) 2.6-20.4; p<0.0001] increased
relative risk (RR) of nonsustained ventricular tachycardia (VT), a potential risk fac-
tor for SD in HCM. O’Hanlon et al. [21] examined the significance of fibrosis
detected by LGE-CMR for predicting major clinical events. Cox proportional haz-
ards modeling revealed the amount of fibrosis to be a significant independent pre-
dictor of the primary composite endpoint (cardiovascular death, unplanned
cardiovascular hospitalization, sustained VT, ventricular fibrillation, appropriate
ICD discharge). Todiere et al. [25] analyzed a cohort of 55 HCM patients with two
CMR at an interval of 719+410 days, focusing on LGE progression rate during
follow-up. The majority of patients showed a progressive increase in LGE over
time, and patients with worsened NYHA functional class presented higher a LGE
increase.

Whereas LGE has been identified as a marker of adverse prognosis [22], to date,
there is a lack of robust evidence about its role as a predictor of SD in HCM. As a
result, recommendations for primary prevention ICDs should not be based solely on
the presence of LGE in individual patients. In the most recent HCM guidelines,
LGE is classified as an arbitrator, useful in SD prognostic stratification in cases in
which the indication for ICD implantation is not clear from conventional risk fac-
tors. Another point of discussion regards the extent and site of LGE and the relation-
ship with clinical outcome. In fact, the majority of follow-up studies considered
only the presence of LGE rather than its characteristics.

13.8 Microvascular Dysfunction

Microvascular dysfunction is a common feature of HCM, and positron emission
tomography (PET) is a reliable method by which to assess it [26]. Cecchi et al. [27],
in a PET study of 51 HCM patients, demonstrated that the degree of microvascular
dysfunction, assessed using myocardial blood flow values after dipyridamole infu-
sion, is a strong, independent predictor of clinical deterioration and death. Moreover,
Olivotto et al. [28] reported severe microvascular dysfunction as being a potent
long-term predictor of adverse LV remodeling and systolic dysfunction in HCM,
which is thus is a potential target for preventing disease progression and HF in
HCM.
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14.1 Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited cardio-
vascular disorder characterized by myocyte loss and fibrofatty tissue replacement
leading to life-threatening ventricular arrhythmias, progressive ventricular dysfunc-
tion of the right (RV) and left ventricle (LV), and heart failure (HF) [1, 2]. The
estimated prevalence of ARVC in the general population ranges from 1:2,000 to
1:5,000 individuals; men are more frequently affected than women, with an approx-
imate ratio of 3:1 [3]. A familial history of ARVC is present in 30-50 % of cases,
and the disease is usually inherited in an autosomal dominant pattern, with variable
penetrance and expressivity, although autosomal recessive forms are also reported
(Naxos disease and Carvajal syndrome). ARVC is considered to be a disease of
myocyte adhesion caused by defects at the intercellular junctions. Cardiac myocyte-
to-myocyte adhesion is maintained by desmosomes, adherens junctions, and gap
junctions, which together comprise the intercalated disc.
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A genetic defect can be confirmed in approximately 40 % of cases, and 12 differ-
ent ARVC loci have been reported, among which five genes (DSP, PKP2, DSG2,
DSC2, and JUP) encode proteins of cell-cell junctions at the intercalated disc. The
role of the other three nondesmosomal genes is well established: transforming
growth factor beta-3 (TGF-f33), the ion-channel subunit RYR2, and the transmem-
brane protein 43 (TMEM43) [4]. Novel variants in the giant sarcomeric protein titin
(TTN) are also associated with ARVC [5]. Structural impairment of titin, which
probably leads to proteolysis and apoptosis, constitutes to be a novel mechanism
underlying myocardial remodeling and sudden death (SD).

14.2 Clinical Features

ARVC onset usually occurs after childhood, with palpitations and/or syncope. In
some cases, severe ventricular arrhythmias are the first presentation of the disease
and lead to SD. Since 1995, a recessive form of ARVC has been recognized with a
distinct phenotypic expression and cardiocutaneous aspects characterized by pal-
moplantar keratoderma and woolly hair, well known as Naxos disease. Furthermore,

ARVC is the second most frequent cause of SD in young adults and athletes, and

cardiac arrest may occur in up to 50 % of index cases [6]. According to Dalal et al.

[71, the median age at onset is 29 years. It is rare to manifest clinical signs or symp-

toms of ARVC before the age of 12 years or after the age of 60 years.

According to the Padua group [8], the natural history of ARVC may be separated
into four distinct phases, with progressive development of symptoms and structural
abnormalities:

1. Concealed phase: This phase is characterized by minor arrhythmias that usually
go unnoticed and subtle or absent structural RV abnormalities. The diagnosis is
usually made during family screening in asymptomatic individuals. SD may be
the first and unique manifestation of the disease at this initial stage.

2. Overt electrical disorder with palpitations, syncope, and ventricular arrhythmias
of RV origin: This manifestation is usually triggered by effort. Arrhythmias
range from isolated premature ventricular beats to nonsustained ventricular
tachycardia with left bundle-branch block (LBBB) morphology up to ventricular
fibrillation leading to cardiac arrest.

3. RV failure due to progressive myocardial fibrofatty replacement: This manifesta-
tion leads to RV enlargement and systolic dysfunction with consequent HF.

4. Biventricular failure, which usually develops late in the natural history of the
disease: Progressive structural abnormalities involve the LV, with symptoms of
overt congestive HF. In such conditions, contractile dysfunction may be so severe
as to require cardiac transplantation. Endocavitary mural thrombosis may occur,
especially within RV aneurysms or in the atria in the presence of atrial fibrillation
(AF). The ultimate phenotype may resemble features of dilated cardiomyopathy
(DCM) with biventricular involvement, making differential diagnosis difficult.
The diagnosis of ARVC is often challenging due to heterogeneous clinical pre-

sentation, highly variable intra- and interfamily expressivity, and incomplete

penetrance. This genotype—phenotype plasticity is as yet largely unexplained.
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14.3 Diagnosis

There is no single gold-standard diagnostic test for ARVC. Therefore, diagnosis
relies on a scoring system, with major and minor criteria based on demonstration of
a combination of abnormalities in RV morphology and function, typical depolariza-
tion/repolarization electrocardiographic (ECG) changes (Fig. 14.1), peculiar histo-
logical findings, ventricular arrhythmias, family history, and results of genetic
testing. Definitive diagnosis, based on the Revised 2010 Task Force Criteria [9]
(Table 14.1), requires two major criteria, one major plus two minor criteria, or four
minor criteria from different categories. Therefore, initial evaluation of all patients
suspected of having ARVC should include physical examination; clinical history;
family history of ARVC or arrhythmias or SD; ECG; signal-averaged ECG; 24-h
Holter monitoring; and comprehensive nonechocardiography focused on both ven-
tricles. This imaging technique can reveal RV structural abnormalities such as RV
dilation, aneurysm formation, and functional abnormalities, including hypo-a-
dyskinetic RV regions, RV systolic dysfunction, paradoxical septal motion, and tri-
cuspid regurgitation [10]. In the late stages, LV involvement with biventricular
failure is observed. New tools for improving diagnostic accuracy are now available
in clinical practice. Among noninvasive investigations, cardiac magnetic resonance
(CMR) with late gadolinium enhancement (LGE) can detect myocardial fibrosis
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Fig.14.1 Typical electrocardiogram (ECG) in advanced arrhythmogenic right ventricular cardio-
myopathy (ARVC). Right atrial enlargement, low QRS voltages, epsilon waves, and negative T
waves in anterior precordial leads are present
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Table 14.1 Revised Task Force Criteria 2010

RV systolic
function and
structure

Tissue
characterization

Repolarization

abnormality

Depolarization
abnormality

Arrhythmias

Familial history

Major criteria

By 2D echo:

Regional RV akinesia,
dyskinesia, or aneurysm and one
of the following (end diastole):
PLAX RVOT >32 mm,

PSAX RVOT >36 mm, or
fractional area change <33 %

By MRI:

Regional RV akinesia, dyskinesia
or aneurysm or dyssynchronous
RV contraction and one of
following:

Ratio of RV end-diastolic
volume to BSA >110 ml/m?

or >100 ml/m? (or RVEF <40 %)
By RV angiography:

Regional RV akinesia, dyskinesia,
or aneurysm

Residual myocytes <60 % by
morphometric analysis, with
fibrous replacement of the RV
free wall myocardium in >1
sample, with or without fatty
replacement of tissue on EMB
Inverted T waves in right
precordial leads (V1-3) or
beyond in individuals >14 years
of age (in the absence of complete
RBBB QRS >120 ms

Epsilon waves in the right
precordial leads (V1-3)

Nonsustained or sustained
ventricular tachycardia

of LBB morphology with
superior axis

Frequent ventricular extrasystoles
(>1,000 per 24 h) (Holter)

ARVC confirmed pathologically
in the first degree or identification
of a pathogenic mutation
categorized as associated or
probably associated with ARVC

F.Brun etal.

Minor criteria

By 2D echo:

Regional RV akinesia, dyskinesia,
or aneurysm and 1 of the following
(end diastole):

PLAX RVOT >29 to <32 mm,
PSAX RVOT >32 to <36 mm, or
fractional area change >33 to <40 %
By MRI:

Regional RV akinesia, dyskinesia or
aneurysm or dyssynchronous RV
contraction and 1 of the following:

Ratio of RV end-diastolic volume to BSA
>100 to <110 ml/m? (male) or >90 to
<100 ml/m? (female) or RV >40 to <45 %
By RV angiography:

Regional RV akinesia, dyskinesia, or
aneurysm

Residual myocytes 60-75 % (or 50-65 %
if estimated), with fibrous replacement of
RV free wall myocardium in >1 sample,
with or without fatty replacement of tissue
on EMB

Inverted T waves in leads V1 and 2 in
individuals >14 years (in absence of
complete RBBB) or in V4-6 or inverted T
waves in leads V14 in individuals

>14 years (in presence of complete RBBB)
Late potential by SAECG in >1 of 3
parameters in absence of QRS duration
>110 ms on standard ECG; filtered QRS
duration >114 ms; terminal QRS duration
<40 pV or >38 ms; root-mean-square
voltage of terminal 40 ms <20 pV; QRS
terminal activation duration >55 ms
measured from S-wave nadir to end of QRS
Nonsustained or sustained ventricular
tachycardia of RV outflow configuration,
LBB morphology with inferior axis, or >500
ventricular extrasystoles per 24 h (Holter)

History of ARVC in a first-degree relative
or premature sudden death (<35 years)
due to suspected ARVC or ARVC
confirmed pathologically, or by Task
Force Criteria in second-degree relative

RV right ventricle, PLAX parasternal long axis, RVOT right ventricular outflow tract, PSAX paraster-
nal short axis, MRI magnetic resonance imaging, BSA body surface area, EMB endomyocardial
biopsy, RBBB right bundle-branch block, LBB left bundle branch, SAECG signal averaged electrocar-
diograph, ARVC arrhythmogenic right ventricular cardiomyopathy (Modified from Marcus et al. [9])
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Fig. 14.2 Histologic specimen (Azan Mallory, x20) at the right ventricular level in a case of
arrhythmogenic right ventricular cardiomyopathy (ARVC). Severe fatty infiltration associated
with patchy and interstitial fibrosis (blue) is present

and intramyocardial fatty infiltration. CMR allows the clearest visualization of the
RV (for dilatation, dysfunction, regional wall motion abnormalities, and aneurysm
formation) [11].

Diagnosis of ARVC remains a clinical challenge, particularly in its early stages
and in patients with minimal echocardiographic RV abnormalities and especially in
the absence of structural changes in the typical triangle of dysplasia [subtricuspid
region, RV outflow tract (OT), and RV inferoapical region] [12]. Positive endomyo-
cardial biopsy (EMB) of the RV is a recognized gold standard, but it often yields a
false-negative result (sensitivity ~67 %) because of the frequently localized fibro-
adipose infiltration. Consequently, the best approach in making a diagnosis of
ARVC is by combining different diagnostic tests [9, 13]. The histological hallmark
of the disease is fibrofatty infiltration of the RV myocardium with areas of surviving
myocytes (Fig. 14.2) and sometimes inflammatory infiltration. Pathologic abnor-
malities can progress with time, typically starting from the epicardium and eventu-
ally extending down to reach the subendocardium and becoming transmural. This
implies a weakness and thinning of the free wall, resulting in RV dilatation and
aneurysm formation, bulges, and sacculations, which constitute the typical diagnos-
tic findings on noninvasive imaging tests [14].

LV involvement, typically affecting the posterior and lateral walls, is present in
more than half of ARVC cases [15, 16]. The frequent, and sometimes predominant,
LV involvement suggests that ARVC is not a unique entity but a complex disease,
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Fig.14.3 Electrocardiogram (ECG) of a patient with arrhythmogenic right ventricular cardiomy-
opathy with biventricular involvement. Sinus rhythm; epsilon waves in V1; inverted T waves in
right precordial leads; negative T waves from V4 to V6 and inferior leads; deep Q waves in infero-
lateral leads

with three possible patterns of expression: classic right-dominant (39 % of cases),
left-dominant arrhythmogenic cardiomyopathy (LDAC) (5 %), and biventricular
(56 %) forms [17, 18]. Interestingly, recent data showed that the LV may be affected
not only in the late stage of the disease but may also occur in absence of alterations
in RV systolic dysfunction, characterizing the LDAC form of the disease [16]. This
left-dominant pattern is characterized by predominant LV involvement (dilation,
systolic impairment, LGE) exceeding that of the RV or in the presence of preserved
RV function [19]. Other features of this pattern are the LV origin of arrhythmias
(RBBB morphology), inferolateral T-wave inversion on ECG (Fig. 14.3), and fam-
ily history of LDAC.

14.3.1 Differential Diagnosis

Diagnosis of ARVC should be considered in any patient who does not have known

heart disease and who presents with frequent premature ventricular contractions or

symptomatic ventricular tachycardia. The main differential diagnoses include the

following conditions:

1. Idiopathic RV outflow tract/ventricular tachycardia is a mostly benign condition
that is not associated with structural heart disease. In its early stage, ARVC can
be difficult to distinguish from this idiopathic type of ventricular arrhythmia in
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Table 14.2 Clinical expressions of RVOT VT and ARVC

RVOT VT ARVC
Age at onset Third or fifth decade of life  Third or fourth decade of life
Sex Females predominantly Males predominantly
Family history - +
Reports of SD - +
12-lead ECG Normal T-wave inversion in precordial leads V1-5
Prolongation of QRS complex in leads
V1orV2
Epsilon waves observed
SAECG Normal Late potentials observed
ECHO Normal Structural and wall motion abnormalities
of RV
Arrhythmias PVCs, repetitive PVCs, SVT, NSVT, VF

monomorphic VT,
induced/sustained VT

Origin of arrhythmia Septum Parietal wall
Mechanism cAMP-mediated Reentrant mechanism
of arrhythmia triggered activity

BNP levels Normal Increased

Modified from Steckman et al. [22]

RVOT right ventricular outflow tract, VT ventricular tachycardia, SD sudden death, ECG electrocar-
diogram, SAECG signal-averaged ECG, ECHO echocardiography, BNP brain natriuretic peptide,
PVC polymorphic ventricular tachycardia, cAMP cyclic adenosine monophosphate, SVT sustained
ventricular tachycardia, NVST nonsustained ventricular tachycardia, VF ventricular fibrillation

the absence of structural changes. Differential diagnosis is based on the fact that
this arrhythmia is nonfamilial, and patients do not have the characteristic ECG/
signal average ECG abnormalities of ARVC (inversion T waves in V1-V3, epsi-
lon waves, QRS duration >110 ms) (Table 14.2) [20].

2. Brugada syndrome is an inherited cardiac condition that, similarly to ARVC, is
transmitted with an autosomal dominant pattern, which can lead to SD from
malignant ventricular arrhythmias. Conversely, it is also characterized by a dis-
tinct typical ECG pattern, with J wave in precordial leads (Fig. 14.4) and by the
absence of morphological echocardiographic features.

3. Dilated cardiomyopathy may be difficult to distinguish from ARVC, especially
in its advanced stage with severe biventricular involvement. In this late phase,
signs and symptoms of RV and/or LV failure can be present; finally, severe
biventricular congestive HF can occur. In the absence of classic ARVC hallmarks
(RV aneurysms, bulging), clinical distinction between these two CMP can be
extremely difficult or impossible. Table 14.3 shows some differences between
these two pathologies that are useful in differential diagnosis.

4. Myocarditis can mimic ARVC, especially when the RV is involved. Myocarditis
can cause structural abnormalities, including microaneurysms, as well as the
arrhythmic manifestations considered typical of ARVC. Moreover, myocardial
inflammatory infiltrates, myocyte necrosis, and replacement fibrosis may lead to
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Fig.14.4 Electrocardiogram (ECG) of a patient with Brugada syndrome: sinus rhythm. In precor-
dial leads (V1-3), a typical type 1 pattern is present. “Coved-type” ST elevation with at least 2 mm
(0.2 mV) J-point elevation, gradually descending ST segment, followed by a negative T wave

Table 14.3 Differential diagnosis between ARVC with biventricular involvement and DCM

ARVC (biventricular) DCM
Main dilatation RV LV
Main dysfunction RV (or biventricular) LV (or biventricular)
Aneurysm RV (+/-LV) Rare
Fibro-fatty tissue RV (+/-LV) -
Pulmonary hypertension - +/—
Family history + +/—
Epsilon waves (ECG) +/— -
Ventricular morphology LBBB or polymorphic RBBB or polymorphic
of arrhythmias morphology morphology

ARVC arrhythmogenic right ventricular cardiomyopathy, DCM dilated cardiomyopathy, LV left
ventricle, RV right ventricle, LBBB left bundle branch block, RBBB right bundle branch block

functional and structural changes in the RV myocardium, resembling those pro-
duced by ARVC fibrofatty replacement. New tools, such as 3D electroanatomic
mapping, applied to the standard EMB, have been introduced to improve diag-
nostic accuracy in clinical practice. In a provocative study, Pieroni et al. [21]
found that 50 % of patients with a diagnosis of noninvasive ARVC fulfilled
Dallas histological criteria of active myocarditis. These data require confirma-
tion in large patient populations.
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5. Sarcoidosis with cardiac involvement can mimic ARVC, making accurate dif-
ferential diagnosis more challenging. It must be considered if conduction defects
with a high-grade atrioventricular block, respiratory, or systemic symptoms are
present. Global RV hypokinesis or some regional wall motion abnormalities can
be present due to the patchy nature of the granulomatous infiltration. Both sar-
coidosis and ARVC can be progressive pathologies, and the accuracy of CMR
could vary depending on the stage of the disease at which CMR data are acquired.
The absence of myocardial fat infiltrates at CMR could be a useful distinguish-
ing feature by which to suspect sarcoidosis [22].

6. Other pathologies:

(a) Coronary artery disease and myocardial infarction can involve both ventri-
cles and mimic aspects of ARVC.

(b) Pulmonary hypertension (RV-pressure overload) and tricuspid regurgitation
(RV-volume overload secondary to increasing stroke volume) can cause RV
dilation and dysfunction.

(c) Congenital heart diseases, such as Uhl anomaly (a rare congenital heart dis-
ease with a partial or total loss of the RV myocardial muscle) [22] and
repaired tetralogy of Fallot must be considered, especially for their prevalent
RV involvement.

(d) Intracardiac shunts (e.g., atrial septal defects and anomalous pulmonary
venous drainage) may cause RV volume overload. The diagnosis can be
missed on standard echocardiogram, and in this cases, transesophageal
echocardiography (TEE) and/or CMR (which have excellent correlation
with RV angiography) can improve diagnostic accuracy.

Conclusions

ARVC is a frequently progressive disease with risk of life-threatening complica-
tions and which constitutes a clinical diagnostic challenge for physicians given
the different genotypic and phenotypic variations and the wide ranges of clinical
manifestations. Genetic studies indicate that ARVC should be considered a dis-
ease of desmosome dysfunction. Its diagnosis is based on the modified Task
Force Criteria for ARVC [9] and should be approached with great caution. The
main challenge is to improve risk stratification in relation to SD and HF and
identify patients who will most benefit from early intervention involving life-
style changes, restriction of physical sport activity, antiarrhythmic drugs, and/or
ICD placement.
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15.1 Introduction

Two-dimensional echocardiography is the first-line imaging tool in the diagnosis
and follow-up of patients with arrhythmogenic right ventricular cardiomyopathy
(ARVC) due to its widespread use and availability. When a patient is referred to the
echocardiography laboratory for a suspected diagnosis of ARVC, particular care
must be taken to assess right ventricular (RV) morphology and function using both
standard and specific RV views in order to gain as much information as possible.
Furthermore, left ventricular (LV) evaluation is fundamental, as LV involvement is
relatively frequent in ARVC either in the more advanced forms of the disease with
biventricular involvement, or in a recently described form of the disease called left-
dominant arrhythmogenic cardiomyopathy (LDAC) [1].

15.2 Assessment of Right Ventricular Dimension, Function,
and Morphology

Two-dimensional echocardiographic assessment of the RV is somehow more prob-
lematic than of the LV due to the complex half-moon-shaped geometry of the RV
chamber, which is wrapped around the LV and has separate infundibulum and promi-
nent trabeculations. Until the publication of the latest Revised Task Force Criteria for
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Table 15.1 Revised echocardiographic Task Force Criteria for the diagnosis of ARVC

Major criteria Minor criteria
Regional RV akinesia, dyskinesia, or Regional RV akinesia or dyskinesia and 1 of the
aneurysm and 1 of the following following (end-diastole):
(end-diastole):
PLAX RV OT >32 mm [corrected for PLAX RV OT >29 to <32 mm [corrected for
body size (PLAX/BSA) >19 mm/m?] body size (PLAX/BSA) >16 to <19 mm/m?]
PSAX RV OT >36 mm [corrected for PSAX RV OT >32 to <36 mm [corrected for
body size (PSAX/BSA) >21 mm/m?] body size (PSAX/BSA) >18 to <21 mm/m?]
Or RV fractional area change <33 % Or RV fractional area change >33 to <40 %

Adapted from Marcus et al. [2], with permission
ARVC arrhythmogenic right ventricular cardiomyopathy, BSA body surface area, OT outflow tract,
PLAX parasternal long-axis, PSAX parasternal short-axis, RV right ventricular

ARVC [2], the detection of impaired RV function and RV morphological assessment
were mainly based on qualitative parameters that were highly dependent on operator
experience and therefore, less reproducible. The New Revised Task Force Criteria [2]
propose a more quantitative approach for RV morphological and functional assess-
ment in order to improve diagnostic accuracy and specificity. Specific cutoff values
were defined to characterize RV enlargement and systolic dysfunction, and regional
wall motion abnormalities (WMA) were considered diagnostically important only in
the presence of akinesia, dyskinesia, or aneurismal bulges. The conjunction of these
parameters resulted in major and minor diagnostic criteria, as shown in Table 15.1.

15.3 Right Ventricular Dimensions

In ARVC, an enlarged RV is a common finding. RV outflow and inflow can be
involved, but a short-axis dimension of >30 mm of the RV outflow tract (OT) had
the highest sensitivity and specificity (89 and 86 %, respectively) for ARVC diagno-
sis) [3], and therefore RV OT measurement has become an integral part of the new
diagnostic criteria. RV OT dimensions can be measured either in the parasternal
long-axis view or in parasternal short-axis view (Figs. 15.1 and 15.2, Clip 15.1a, b).
Measurements of RV basal and midcavity minor dimensions, longitudinal dimen-
sion, and end-diastolic and end-systolic areas (all obtained from a four-chamber
apical view focused on the RV) are recommended by the RV echocardiographic
guidelines [4], but such measurements correlate poorly with ARVC [3] and there-
fore are not ordinarily used for diagnostic assessment in ARVC patients.

15.4 Right Ventricular Systolic Function

Quantitative echocardiographic assessment of RV systolic function is problematic due
to its complex geometry, which precludes imaging the inflow and outflow tracts in a
single 2D plane and lack of standard methods for assessing RV volumes. Nonetheless,
2D echocardiography represents the first-line imaging technique available for
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Fig. 15.1 Right ventricular outflow tract (RVOT) dimensions measured in parasternal long-axis
view (34 mm) (a) and in parasternal short-axis view (38 mm) (b) in a patient with arrhythmogenic
RV cardiomyopathy

Fig.15.2 Patient with
arrhythmogenic right
ventricular (RV)
cardiomyopathy and severely
dilated RV. The RV outflow
tract diameter measured in
parasternal short axis view is
55.8 mm

screening patients with suspected ARVC and is of utmost importance when studying
these patients, as cardiac magnetic resonance (CMR) is not highly available in most
centers. CMR is considered the gold-standard technique for thorough evaluation of
RV dimensions and function; however, its use is mainly reserved for equivocal cases
(Chap. 22).

RV fractional area change (FAC) is one of the most commonly used 2D echocar-
diographic method to assess RV systolic function, as it correlates well with RV
ejection fraction (EF) determined by CMR volumetric analysis and is superior to
other 2D parameters [5, 6]. RV FAC is obtained in the four-chamber apical view
(focused on the RV) by tracing the RV endocardium both in end diastole and end-
systole from the annulus, along the free wall to the apex, and then back to the annu-
lus, along the interventricular septum. Care must be taken to trace the free wall
beneath the trabeculations. Impaired RV function, defined as RV FAC<33 %, has
been described in approximately two thirds of patients with ARVC and represents
an important diagnostic parameter (Fig. 15.3, Clip 15.2a) [7, 8].
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Fig. 15.3 Right ventricular (RV) fractional area change measurement from an apical four-
chamber view in a patient with arrhythmogenic RV cardiomyopathy with severe RV dilation and
pronounced aneurysms in the RV apex. RV end-diastolic area is 52.3 cmq (a), end-systolic area is
42.1 cmq (b), and fractional area change is 19 %

15.5 Right Ventricular Regional Assessment

RV localized WMA are a landmark of ARVC and reflect the patchy infiltration and
substitution of normal myocardium with fibrofatty tissue. In the Revised Diagnostic
Criteria of ARVC [2], the presence of localized akinetic, dyskinetic, or aneurysmal
RV segments represents a major diagnostic criterion, emphasizing the importance
of their recognition. Of note, with respect to the original 1994 International Task
Force Criteria [9], hypokinesis is no longer considered a morphological diagnostic
criteria due to its low specificity.

The typical echocardiographic appearance consists of localized aneurysmal bulges
of the RV wall classically described in the “triangle of dysplasia,” namely the RV OT,
apex, and basal subtricuspid area (Fig. 15.3 and Clips 15.2a, b, 15.3a—c, and 15.4a, b)
[10]. However, in clinical practice, regional WMA may be found in all RV segments;
therefore a complete assessment of RV using conventional and off-axis views must be
conducted [11]. Parasternal RV inflow and outflow views are particularly useful for
exploring the anterior wall of the RV OT and inferior and anterior walls of the RV
inflow tract (Clip 15.5). RV free wall is better assessed from the RV-focused four- and
two-chamber apical views and the four-chamber subcostal view.

A panoramic view of the RV apex can be obtained by combining the apical
RV-focused four- or two-chamber views and subcostal four-chamber view. If con-
siderable LV enlargement coexists, apical kinesis is more difficult to assess because
of the translational movement of the RV wall during the cardiac cycle. The presence
of hypokinesia of this particular segment in the absence of wall thinning or defor-
mity is not a specific finding and should not be considered pathological, as it may
be seen also in normal and athletic individuals [12].

In patients with poor acoustic window, the use of contrast echocardiography
(also simply using an agitated saline intravenous infusion) improved visualization
of the RV endocardial border [13] and may be particularly useful in enhancing
regional WMA assessment as well as RV measurements.
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Fig. 15.4 Arrhythmogenic right ventricular (RV) cardiomyopathy with moderately dilated RV
(end-diastolic area 33 cmq) with diffuse hypokinesis (a) and severe tricuspid regurgitation (b, c).
The area of the tricuspid regurgitation jet assessed with color Doppler is 15 cmq (b), and the effec-
tive regurgitant orifice area [proximal isovelocity surface area (PISA) method] is 0.63 cmq (c)

15.6 Tricuspid Valve Function

Tricuspid regurgitation (TR) is often present in ARVC and is usually secondary to
RV enlargement and annulus dilation and remodeling (Fig. 15.4, Clip 15.6a, b).
Assessing TR severity is clinically important, as moderate to severe TR plays an
adverse prognostic role in the natural history of ARVC patients [8].

15.7 Left Ventricular Morphology and Function

LV involvement is a relatively common finding in ARVC patients, ranging from 30
to 76 % of cases [14, 15]. WMA can be present in both the septum and LV free wall,
with a predilection for inferoseptal and posterolateral areas [15]. LV aneurysms are
rarely reported (Clip 15.7a—d) [16]. LV enlargement and systolic dysfunction may
also occur, but usually, RV abnormalities predominate (Clip 15.8a, b). Accurate
assessment of LV dimensions and EF should be routinely performed, as the pres-
ence of LV dysfunction identifies a subgroup of patients at high risk of death or
heart transplant [8]. Conversely, in the recently described entity of LDAC, structural
abnormalities are exclusively or predominantly found in the LV, with no or only
mild RV involvement. The LV may show localized WMA, chamber dilation
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Fig.15.5 Advanced arrhythmogenic right ventricular cardiomyopathy with biventricular involve-
ment, functional severe mitral regurgitation (a), and restrictive left ventricular filling pattern (b)

(usually not severe), and/or systolic impairment [1]. However, no systematic reports
on echocardiographic features of this pathology are available.

15.8 Follow-up Data

Few data are available on the echocardiographic assessment of ARVC evolution
[17]. In our experience, progressive RV enlargement, with widespread wall bulg-
ings and severe RV dysfunction, can be observed in some cases (Clip 15.9a), some-
times associated with progressive worsening of functional TR (typically without
signs of pulmonary hypertension). Progressive LV involvement and dysfunction
(usually without severe chamber enlargement) can also be observed during the
long-term course of the disease (Clip 15.9b). RV as well as LV restrictive filling
pattern and functional mitral regurgitation can be seen in advanced, end-stage
ARVC with biventricular involvement (Fig. 15.5, Clip 15.8c, d). Intracavitary
thrombi can be found within all four cardiac chambers, sometimes despite the pres-
ence of sinus rhythm, exposing patients to a potential embolic risk (Clip 15.7b, c).
These echocardiographic findings are usually associated with a progressive clinical
deterioration and high risk of refractory heart failure which may eventually require
heart transplantation.
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16.1 Introduction

Basic echocardiography has significant limitations in assessing patients with
arrhyrhmogenic right ventricular cardiomyopathy (ARVC). Substantial research
has been made in the last years regarding the possible diagnostic role of advanced
echocardiographic techniques.

16.2 Three-Dimensional Echocardiography

Three-dimensional echocardiography has emerged as a highly promising technique
for studying right ventricular (RV) morphology and function. This technique is of
great interest, as it seems to overcome the major limitations of 2D echocardiography
for assessing RV volumes and ejection fraction (EF). It does not depend on geomet-
ric assumptions, and RV volumes and EF assessment with 3D echocardiography has
been validated against cardiac magnetic resonance (CMR), which is considered the
gold-standard technique and demonstrates quite good accuracy [1].
Three-dimensional RV data are usually acquired as a full-volume data set from
the four-chamber apical view adapted to maximize visualization of the RV and are
subsequently postprocessed using dedicated software. RV volumes are obtained by
tracing both end-diastolic and end-systolic endocardial borders in distinct
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Fig.16.1 Representative 3D images of the right ventricle of a patient with arrhythmogenic right
ventricular cardiomyopathy (ARVC). Orthogonal long-axis views of the right ventricle (top),
short-axis view (bottom left), 3D view (bottom right) (Modified from Prakasa et al. [4], with
permission)

cross-sectional planes aimed at visualizing the three components of the RV: inflow
(sagittal plane), apex (four-chamber), and RV outflow tract (coronal view), as sug-
gested by the European Association of Echocardiography/American Society of
Echocardiography recommendations for 3D echocardiography image acquisition
and display [2]. End-systolic and -diastolic volumes are then generated by summing
the three components, and EF is automatically calculated. Normal 3D echocardiog-
raphy reference values for RV volumes and EF are reported by Tamborini et al. [3].

The feasibility of 3D echocardiography in ARVC was proven by Prakasa et al.
[4], who showed good correlation between 3D and CMR for RV volumes and EF
assessment, with a systematic underestimation of volumes calculated with 3D echo-
cardiography (Fig. 16.1). Three-dimensional echocardiography data demonstrated
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high to moderate reproducibility, indicating it may be a reliable tool for follow-up
studies in ARVC patients. However, in patients with severe RV enlargement,
repeated image acquisitions with frequent off-axis views are needed in order to
include the entire RV in the 3D data set. Furthermore, 3D echocardiography is capa-
ble of detecting structural abnormalities typical of ARVC, such as thinning of the
RV free wall, excessive trabeculations, and localized apical aneurysms [5]. Although
3D echocardiography was not included in the new ARVC diagnostic criteria [6], the
good accuracy of RV volumes and EF measurements with respect to CMR makes it
clinically attractive and should be taken into consideration in the global evaluation
of an ARVC patient.

16.3 Tissue Doppler Imaging

Tissue Doppler imaging (TDI), if applied to RV walls, allows quantitative assess-
ment of RV longitudinal function by measuring myocardial velocities and velocity-
derived deformation parameters (strain and strain rate). Owing to its theoretical
ability to assess regional contractile function, TDI can provide important informa-
tion in ARVC, considering the dyshomogeneous nature of myocardial involvement
in this peculiar type of cardiomyopathy. Furthermore, this technique demonstrates
the potential of detecting subtle impairment in a given myocardial segment, which
are missed by standard echocardiographic parameters [7-9].

A simple and quick application of pulsed TDI is the measurement of tricuspid
annular velocity, which reflects RV longitudinal contraction. Interestingly, in one
study on ARVC patients, tricuspid annular systolic tissue velocity was the echocar-
diographic parameter that correlated best with RV EF assessed by CMR [10].

Regional myocardial velocities can be measured simultaneously in the three seg-
ments of the RV free wall (base, mid, and apex) using color-coded TDI images,
which are usually recorded in the apical four-chamber view and subsequently pro-
cessed offline. To obtain accurate myocardial velocities, sample regions of 3- to
5-mm in diameter should be placed in the basal part of the segment and on the
endomyocardial side in end-systole [11].

Other potentially important information is the assessment of RV strain and strain
rate by TDI. These deformation parameters have correlated closely with invasive
measures of contractility [12], and reference values for both RV TDI velocities and
strain are reported in normal individuals [13].

In a cohort of ARVC patients, Teske et al. [14] demonstrated that the lowest
strain value in any of the three segments of the RV free wall had the best diagnostic
accuracy when using a cutoff value of —18.2 % (Fig. 16.2). This parameter was
superior to all conventional echocardiographic measures for functional and struc-
tural RV alterations. Furthermore, this method seems to eliminate almost entirely
the false-positive findings on visual assessment of regional function, primarily due
to the presence of hypokinesis in the basal or mid segment of the RV free wall or
dyskinesis in the apical region.

Nevertheless, although this technique seems to offer a more accurate assessment
of regional function over standard 2D echocardiography and has been applied
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Fig. 16.2 Tissue-Doppler-imaging assessment of right ventricular (RV) strain in two cases of
arrhythmogenic right ventricular cardiomyopathy (ARVC). In case 1 (left), RV basal segment
(RVBAS) (yellow curve) is most affected (dyskinetic), with a normal function in the RV apical seg-
ment (RVAP) (red curve). In case 2 (right), normal peak systolic values are found in RVBAS (yel-
low curve) and RV mid segment (RVMID) (blue curve), but RV apical segment (RVAP) (red curve)
shows an abnormal deformation pattern. AVC arterial (pulmonic) valve closure, AVO arterial (pul-
monic) valve opening (Adapted from Teske et al. [14], with permission)

extensively for research purposes, its use in clinical practice is limited by a variety
of factors. One of the most important is that TDI is an angle-dependent technique,
and appropriate alignment with the vector of contraction is needed in order to obtain
reliable measurements. Furthermore, acquisition is conditioned by a series of
artifacts, and processing is time consuming.

16.4 Speckle-Tracking Echocardiography

Speckle-tracking echocardiography can be used for quantitative functional asses-
ment of both LV and RV. As longitudinal RV shortening is a more important
contributor to RV systolic function compared with circumferential shortening
[15], most experience with RV speckle-tracking echocardiography is with
regional and global longitudinal strain and strain-rate assessment (Fig. 16.3,
Clips 16.1).

RV data acquisition for speckle-tracking analysis is performed with a 2D echo-
cardiographic probe in the apical four-chamber view, and data are subsequently
processed offline. Different software allow endocardial border tracing in a semiau-
tomatic or manual mode, usually at end-systole. RV is automatically divided into
six segments: base, mid, and apex of the RV free wall and septum, respectively, and
segmental and global longitudinal strain and strain rate are calculated (Fig. 16.3,
Clips 16.1).

Speckle-tracking echocardiography applied in ARVC shows significantly
reduced RV global longitudinal strain in the affected population compared with
normal controls [14]. A cutoff value of —18.1 % for the lowest strain value in any
RV segment demonstrates a sensitivity and specificity of 91.2 % in identifying
patients with ARVC [14].
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Fig. 16.3 Assessment of right ventricular (RV) longitudinal strain and strain rate by speckle-
tracking echocardiography in a patient with arrhythmogenic right ventricular cardiomyopathy
(ARVC) using a six-segment model from an apical four-chamber view. Regional longitudinal
strain and strain-rate values are shown for each segment, and average values are automatically
provided. Of note, global longitudinal strain results are significantly reduced (—16 %) in this
patient

In a series of asymptomatic ARVC gene carriers, abnormal deformation, mainly
localized in the basal segment of the lateral RV free wall, was found in 71 % of
cases. These data suggest a possible role of deformation parameters assessed by
speckle-tracking echocardiography for early detection of regional functional abnor-
malities in this peculiar group of patients [16]. This finding was subsequently con-
firmed by Sarvari et al. [17], who demonstrated significantly reduced global strain
of both ventricles in asymptomatic gene carriers, indicating subclinical myocardial
abnormalities [17]. Moreover, the same authors demonstrated that RV mechanical
dispersion, defined as the standard deviation of contraction duration in a six-seg-
ment RV model, was an independent predictor of ventricular arrhythmia among
ARVC patients. Therefore, mechanical dispersion assessed by speckle-tracking
echocardiography might be a useful tool for risk stratification of affected patients as
well as asymptomatic mutation carriers.

Although speckle-tracking echocardiography offers great potential with high
accuracy for quantitative assessment of myocardial function [18, 19] and good
reproducibility [20], it still has considerable limitations due to technical issues
(image quality, proper tracing of the endocardial border, out-of-plane motion)
and lack of standardization between different software algorithms. Further
prospective longitudinal studies are needed to elucidate the real additional value of
speckle-tracking echocardiography with respect to standard echocardiography in
diagnosis and risk stratification of ARVC patients.
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17.1 Introduction

The clinical diagnosis of arrhythmogenic right ventricular displasia/cardiomyopa-
thy is challenging for even the most experienced cardiologists. There is no gold
standard test for the diagnosis, thus multidisciplinary criteria are used, clinical,
genetic, electrocardiographic, and imaging. Cardiac magnetic resonance has gained
widespread acceptance as one of the principal imaging methods in the assessment
of this condition. The role of other imaging modalities such as positron emission
tomography (PET), single-photon emission tomography, computed tomography
and right ventriculography, is also reviewed.

17.2 Cardiac Magnetic Resonance

Cardiac magnetic resonance (CMR) abnormalities found in arrhythmogenic right
ventricular cardiomyopathy (ARVC) can be divided into morphological (fibrofatty
infiltration, RV wall thinning, trabecular disarray, hypertrophy) and functional
[RV dilatation, aneurysms, segmental wall motion abnormalities (WMA),
global systolic dysfunction] changes. Both types of abnormalities are commonly
found in the triangle of dysplasia [1] and have been extensively studied.
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Fig. 17.1 Biventricular involvement in a patient with arrhythmogenic right ventricular
cardiomyopathy (ARVC) seen as fatty infiltration of both ventricles: T1-weighted (a) and fat-
saturated (b) short-axis images. Note the extensive hyperintensity of RV walls in the T1-weighted
image, suppressed (dark) at the fat-saturation image. An area of fatty infiltration is also present at
the intraventricular septum (IVS) (arrows), and small spotty hyperintense areas in the left
ventricular (LV) free walls

17.2.1 Fatty Infiltration

The presence of fatty infiltration of the RV free wall displayed by T1-weighted
images was the first-described CMR abnormality in ARVC [2]. Fatty infiltration
was found to correspond to areas of WMA and to be associated with inducible
ventricular tachycardia at electrophysiological studies [3, 4]. A good correlation
was found between lesion location and distribution seen at CMR and ex vivo histol-
ogy in an explanted heart from a patient with ARVC who was undergoing transplan-
tation [5]. The presence of hyperintense areas at T1 CMR compatible with the
presence of fat can be also found in the left ventricle (LV) and interventricular sep-
tum (IVS) in cases of ARVC with LV involvement (Fig. 17.1).

These findings were initially encouraging. However, CMR image interpretation
for assessing fatty infiltration is difficult, and a significant proportion of patients have
nondiagnostic scans [6]—even with state-of-the-art clinical CMR protocols—due to
coil proximity and motion artifacts [7, 8], thus leading to misdiagnosis of ARVC [9].
In addition, fatty infiltration is frequently observed in CMR examinations from nor-
mal and obese individuals and in patients with clinical conditions that are not linked
to ARVC [10-12]. Accordingly, fatty infiltration assessed by CMR was not included
in the original [13] or revised diagnostic Task Force Criteria for ARVC [14].

17.2.2 Late Gadolinium Enhancement

Late gadolinium enhancement (LGE) of the RV wall was reported in various studies in
ARVC patients and correlated with fibrofatty changes, inducible ventricular tachycardia
(VT), and severe RV dysfunction confirmed on biopsy [15—19]. LGE was also described
in the LV, particularly in familial forms with desmoplakin mutations, which exhibit a
phenotype of left-dominant arrhythmogenic cardiomyopathy (LDAC) [20, 21].
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Fig.17.2 Biventricular wall motion abnormalities (WMA) in a patient with arrhythmogenic right
ventricular cardiomyopathy (ARVC) and left ventricular (LV) involvement seen at steady-state
free precession (SSFP) imaging. End-diastole (a, c), end-systole (b, d). Four-chamber off-axis
(a, b), and short-axis (¢, d) slices. Note RV end-systolic bulging areas in b and d (arrows). Apical
LV hypokinesis is also present

17.2.3 CineCMR

Cine CMR with gradient recall echo (GRE) or steady-state free precession (SSFP)
sequences may be used to assess RV volumes in ARVC with good interobserver
correlation (r=0.90 for LV, and r=0.89 for RV volumes) [3]. Quantitative RV
evaluation by CMR may have a high sensitivity and specificity for ARVC diagnosis
[22]. Cine CMR is also useful in assessing wall motion. RV morphological
abnormalities found at cine CMR are important findings in ARVC and are fre-
quently found in the midcavity and basal regions of the RV [23-26] (Fig. 17.2,
Clips 17.1 and 17.2). Regional functional abnormalities correlate with areas of sig-
nal abnormality, and the association of both types of abnormality is more suggestive
of ARVC than either of them alone [27]. Cine-CMR-derived quantitative [end-
diastolic and end-systolic volumes and ejection fraction (EF)] and qualitative
(WMA) parameters are highly reproducible [28].
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17.2.4 Left Ventricular Involvement

CMR assessment of LV involvement using volume analysis and LGE imaging is
integral to delineation of distinct patterns of disease expression [29]. Correlation of
electrocardiogram (ECG), arrhythmia, and CMR findings in ARVC patients
revealed three patterns of disease expression: (1) classic, with isolated RV disease
or LV involvement in association with significant RV impairment; (2) LDAC, with
early and prominent LV manifestations and relatively mild right-sided disease; (3)
biventricular, characterized by parallel involvement of both ventricles. In the well-
recognized classic form of the disease, LV LGE is observed in the setting of global
RV dysfunction, with a predilection for the inferolateral wall and the inferior wall—
septal junction, consistent with reports from pathological series [29, 30]. LV dila-
tion may also occur, but the RV is consistently more severely affected. LV LGE in
ARVC is commonly found in a subepicardial or midwall distribution, in concor-
dance with the pattern of fibrofatty substitution observed on histopathology, and is
distinct from the subendocardial involvement characteristic of ischemic heart dis-
ease [29]. A study using cardiac-tagged CMR to measure regional circumferential
strain showed that ARVC is associated with regional LV dysfunction, which appears
to parallel the degree of RV dysfunction [31].

17.2.5 Diagnostic Accuracy of Cardiac Magnetic Resonance

CMR is a valuable component of the diagnostic workup for ARVC. Sensitivity and
specificity of 100 and 29 %, respectively, are reported in patients fulfilling Task Force
Criteria, and 96 and 78 %, respectively, in genotyped individuals when the exam is
performed with a dedicated protocol by experienced specialists [21]. Combining
multiple diagnostic criteria for ARVC yields the highest diagnostic accuracy [32].

In 2010, a revision of the Task Force Criteria for the Diagnosis of ARVC was
published [14], suggesting RV dilation and severe regional WMA as imaging crite-
ria to establish evidence for the disease. Compared with the original Task Force
Criteria [33], this revision seemed to maintain a high specificity without improving
sensitivity for identifying early forms of ARVC.

17.2.6 Limitations

CMR was found to be a potentially frequent cause of misdiagnosis of ARVC due to
overreliance on the presence of intramyocardial fat/wall thinning assessed by this
technique in the absence of other Task Force Criteria [9]. RV wall motion must also be
carefully evaluated, as abnormalities have been reported in >93 % of healthy individu-
als undergoing CMR for RV evaluation [34]. False-positive diagnosis by CMR may
primarily be related to perceived motion abnormalities not seen by RV angiography
[35]. The importance of expert interpretation of the complex-shaped RV and the need
for quantitation of RV structure and function were emphasized by the North American
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Multidisciplinary Study of ARVC, as the authors of that study reported a high rate of
high-false-positive CMR scans read by less experienced referral centers [36].

17.3 Computed Tomography

Whereas CMR is the imaging tool of choice in ARVC, computed tomography (CT)
may also show the typical findings of RV dilatation, reduced EF, and fatty infiltra-
tion in the RV free wall and interventricular septum [37-41]. As with CMR, fatty
infiltration of the RV free wall is not specific to ARVC and was found in 17-40 %
of patients affected by other pathologies [42—44].

17.4 Single-Photon-Emission Computed Tomography

Decreased RV EF, RV dilatation, nonsynchronized contraction of the ventricles,
increased RV contraction dispersion, presence of segmental RV wall motion disor-
ders and/or phase delays, and—occasionally—regional LV abnormalities may be
demonstrated in ARVC patients by gated-blood-pool single-photon-emission CT
(SPECT) [45]. In addition, LV involvement in ARVC may be seen as perfusion defects
at thallium-201 radiochemical thallium chloride [(**")T1] SPECT [46]. Abnormal
adrenergic innervation occurred frequently in ARVC patients and was associated
with a higher incidence of recurrent ventricular tachyarrhythmias [47]. LV involve-
ment may also be detected at early stages with ['?*]I-metaiodobenzylguanidine (['%]
I-MIBG) SPECT [48].

17.5 Positron Emission Tomography

Positron emission tomography (PET) was scarcely used in the setting of ARVC.
Reduced myocardial beta-adrenergic receptor density, and impaired hyperemic myo-
cardial blood flow with increased coronary vascular resistance were found [49, 50].

17.6 Right Ventricular Angiography

RV angiography was initially regarded as the imaging standard for ARVC diagnosis
[51-53]. However, it is now regarded as an alternative modality when CMR is con-
traindicated and echocardiography is nondiagnostic. A variety of structural and
morphological RV angiographic features are suggestive of ARVC [54-57].
Localized morphologic and contraction abnormalities of the RV free wall, such as
bulges, akinetic areas, or the so-called “stack—of-plates” sign (hypertrophic trabecu-
lae separated by deep fissures), are commonly found [55, 58]. Computed angiogra-
phy may also provide objective measurements (RV volumes and EF), which are
helpful in diagnosing ARVC [59, 60].
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Bruno Pinamonti, and Gianfranco Sinagra

18.1 Introduction

Since the first description of arrhythmogenic right ventricular cardiomyopathy
(ARVC) more than 30 years ago [1], considerable progress has been made in
understating its pathogenesis, genetics, and diagnosis. Nevertheless, large
prospective randomized trials on risk predictors and prognostic stratification are not
available yet. Consequently, therapeutic recommendations for this disease have
been developed from observational studies and case series or adopted from other
cardiomyopathies (CMP) [2] in which solid evidence is supported by clinical trials
and clear guidelines are defined [3, 4].

The choice of treatment in ARVC, therefore, is often an individualized decision
based on patient presentation, risk assessment, and physician judgment [5]. The mor-
tality rate of ARVC patients on medical therapy is estimated to be ~1.8 % (0.08—
3.6 %) per year. Of note, in a meta-analysis reporting on about 600 ARVC patients
who received an implantable cardioverter defibrillator (ICD)—for both primary and
secondary prevention of sudden death (SD)—the annualized cardiac mortality rate
was 0.9 %, whereas the annualized appropriate ICD intervention rate was 9.5 % [6].

ICD implantation, however, incurs potential risk for complications—mostly due
to lead placement and inappropriate ICD interventions—occurring at a consider-
ably high rate (4.4 and 3.7 % per year, respectively). These data suggest that accu-
rate patient selection is necessary in order to identify high- versus low-risk
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subgroups. Thus, a multiparametric evaluation of the patient is needed, and different

scoring systems have been proposed [6]. Moreover, indications for ICD therapy for

primary prevention of SD in heart diseases pertain to specific inclusion criteria
based on left ventricular ejection fraction (LVEF) and mainly in patients with isch-

emic heart disease [7-9].

As opposed to the other CMP in which the cutoff of LVEF <35 % is a marker for
disease severity and is used to guide treatment decisions, ARVC lacks similar objec-
tive criteria. As known, it is not a unique entity but a complex disease with three
possible patterns of presentation: the classic right dominant (39 % of cases), the left-
dominant arrhythmogenic CMP (5 %), and the biventricular (56 %) form [10, 11].

The most challenging clinical dilemma is not whether to treat patients who
already experienced malignant ventricular arrhythmias (secondary prevention) but
to consider prophylactic treatment in patients with no or only minor symptoms (pri-
mary prevention). In this regard, current guidelines are scant, and the indications for
prophylactic ICD therapy in primary prevention are still unresolved. Therefore, the
actual challenge is to provide sensitive and specific clinical and imaging parameters
helpful in identifying patients with a high probability of SD. Several risk factors are
considered in the literature, including male gender, young age at presentation, one
or more affected family member with SD, unexplained syncope, electrocardiogram
(ECG) abnormalities, detection of nonsustained ventricular tachycardia (VT) on
noninvasive monitoring, echocardiographic findings (severe RV dilation and LV
involvement), and induction of VT during electrophysiological testing [5, 12—18].

Although it is important to consider the presence of a malignant family history,
genotype information is not generally included in the decision regarding ICD
implantation, as it is not known conclusively whether the disease course is influ-
enced by genotype. Nevertheless, genetic information is prognostically useful in
selected patients. For example, in ARVCS, mutation of the TMEM43 gene causes a
fully penetrant disease variant with lethal arrhythmic outcome [19]; patients with
Naxos disease, also characterized by palmoplantar keratosis and woolly hair; and
other recessive forms of ARVC (Chap. 19) may be at an increased risk of SD and be
candidates for ICD implantation in primary prevention [5, 13, 20, 21]. In addition,
in a large ARVC cohort, Rigato et al. found that to be a carrier of more than one
gene mutation (compound-digenic heterozygosity) constitutes a powerful risk fac-
tor for lifetime major arrhythmic events and SD [22]; similar data were reported in
HCM [23] (Chap. 9).

* Male gender and young age at onset, as confirmed in several studies, is a sub-
group of patients at increased risk of SD [24-26]. Similarly, unexplained synco-
pal episodes suggest the presence of major ventricular arrhythmias. The value of
syncope as a prognostic factor for SD was first reported by Marcus et al. [27],
later considered by Turrini et al. [28], and recently further confirmed by Silvano
et al. [29].

* The role of ECG in risk stratification is demonstrated in different studies. Turrini
et al. [28] reported that right precordial QRS prolongation correlates with an
increased arrhythmic risk in ARVC patients. Moreover, a QRS dispersion >40 ms
had a good sensitivity and specificity (90 and 77 %, respectively) in predicting SD.

* Concerning ventricular arrhythmias, Bhonsale et al. [30] demonstrated that non-
sustained VT or frequent premature ventricular contractions (>1,000/24 h) on
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Holter monitoring were predictors of appropriate ICD discharge at univariate

analysis. Furthermore nonsustained VT was the only independent predictor

found on multivariable analysis. The role of electrophysiologic studies with pro-

grammed ventricular stimulation remains controversial. Indeed, in the Darvin II

study [31], this test had poor accuracy in predicting appropriate ICD interven-

tions. Contrasting data came from the study of Bhonsale et al. [30], who reported
that VT inducibility was a strong predictor of appropriate ICD discharge.

In conclusion, ICD implantation is considered a reasonable choice in ARVC in
the presence of one or more of the following risk factors for SD (Class Ila, level of
evidence C): (1) severe RV dysfunction and/or LV involvement (see below); (2) one
or more affected family members with SD; (3) unexplained syncope of suspected
arrhythmic origin [5] (Table 18.1).

18.2 Role of Imaging in Prognostic Stratification

Imaging tests show that RV dilation and regionalized or global RV hypokinesis are
traits of the disease [32], but it is well established that LV involvement may occur as
well [33]. The presence of RV dysfunction at diagnosis is an independent predictor
of SD or heart transplantation in ARVC patients [18]. Furthermore, data from our
group and a previous study [34, 35], emphasize that long-term outcome is influ-
enced by either the presence of RV or LV dysfunction, demonstrating the incremen-
tal prognostic value of LV involvement in the risk stratification.

Another echocardiographic finding related to an adverse prognosis seems to be
the presence of moderate to severe tricuspid regurgitation (TR). Interestingly, in
patients with a dilated and dysfunctioning RV, TR is usually functional and second-
ary to RV and right atrial (RA) remodeling, and its presence potentially contributes
to worsening of HF [34]. No data are available regarding the possible prognostic
value of advanced echocardiographic techniques and CMR, specifically in
ARVC. Nevertheless, magnetic resonance imaging (MRI) sensitivity and specificity
is debated in relation to determining ARVC prognosis due to a lack of systematic
comparative studies [36].

Three-dimensional electroanatomic voltage mapping provides a reliable tool by
which to identify and locate low-voltage areas in the RV, corresponding to areas of
fibrofatty replacement, even in patients with very early disease who display com-
pletely normal ECG and CMR findings [37]. No data are available about the prog-
nostic role of this test in this disease.

18.3 Role of Imaging in Pharmacologic Treatment of ARVC

Antiarrthythmic medications are used for symptomatic control in patients who are
not candidates for ICD or as an adjunct therapy to reduce frequent ICD discharges
due to recurrent VT. The combination of beta-blockers and amiodarone has a proven
beneficial effect in suppressing nonsustained VT, in reducing the frequency and rate
of sustained VT, in preventing syncope, and in promoting antitachycardia pacing
termination over shock therapy. Furthermore, these drugs can suppress other
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arrhythmias, such as supraventricular tachycardia and atrial fibrillation, which may
cause symptoms or interfere with ICD function, resulting in inappropriate
discharges.

In particular, sotalol and amiodarone have been proposed as effective adjunctive
therapy for sustained VT or ventricular fibrillation or in patients who are not candi-
dates for ICD implantation (class of recommendation Ila, level of evidence C) [4, 38].

Similarly, the North American ARVC Registry demonstrated that amiodarone
prevents VT [39]. Conversely, our group reported that this drug is an independent
predictor of mortality [40].

As with antiarrhythmic drugs, radiofrequency ablation is not a definitive therapy
for ventricular arrhythmias and should not be considered as an equivalent alterna-
tive to ICD therapy in patients at high risk of SD. It can be appropriate in selecting
patients who are not candidates for an ICD or who have frequent episodes of VT
and ICD shocks despite antiarrhythmic therapy. Multiple studies suggest that simul-
taneous epicardial and endocardial approaches for VT mapping and ablation are
feasible and might even result in eliminating recurrent VT. This could be explained
by the preferential subepicardial involvement of the disease [41].

Imaging data can be helpful for treatment choices in selected ARVC patients.
The presence of severe RV dilation and systolic dysfunction may increase the risk
of thrombosis and subsequent embolism; consequently, anticoagulant treatment
should be considered in ARVC patients with dilated and hypokinetic RV and slow
blood flow within the RV [42], as well as in the presence of severe biventricular
involvement. Furthermore, ARVC in the advanced stage, characterized by the pres-
ence of severe biventricular dysfunction and signs and symptoms of HF, can require
the introduction of standard drugs recommended in HF management, such as beta-
blockers, angiotensin-converting enzyme inhibitors, and diuretics [43]. Finally,
heart transplantation must be considered in patients with refractory HF and recur-
rent arrhythmic storms despite optimal treatment, including ICD [44].

Conclusion
In conclusion, ARVC—at least, in some affected patients—is a progressive dis-
ease with life-threatening complications that constitutes a clinical challenge for
physicians given the different genotypic and phenotypic variations and the wide
range of clinical manifestations of the disease. ARVC management is primarily
aimed at reducing the burden of symptomatic arrhythmias and decreasing the
incidence of SD. Automatic ICD significantly reduces mortality in patients with
ARVC, as in patients with other heart diseases involving high arrhythmic risk.
The main unresolved challenge for physicians is to improve risk stratification
to better identify those patients at high risk of SD and HF who will most benefit
from early intervention with lifestyle changes, restriction of physical activity,
antiarrhythmic drugs, ICD placement, new ablation approaches with simultane-
ous endocardial and epicardial ablation, and, if necessary, heart transplantation.
Further investigations and prospective studies on genetic tests, environmental
factors, molecular pathways, and refinements of imaging techniques with prog-
nostic value are necessary for better management of the disease.
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19.1 Introduction

In this chapter, clinical and imaging features of restrictive cardiomyopathy (RCM)
are described. The differential diagnosis with constrictive pericarditis (CP) and the
distinguishing features from infiltrative and storage cardiomyopathies (CMP) are
also considered.
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19.2 Restrictive Cardiomyopathy
19.2.1 Clinical Assessment

The main difference between RCM and the other CMP is how they are classified:
morphological criteria are used for the diagnosis of dilated (DCM), hypertrophic
(HCM), and arrhythmogenic (ARVC) CMP, whereas a functional definition is used in
RCM [1]. The recognition of this entity by the clinician can be a challenge because the
restrictive filling pattern (RFP)—considered in the past as the typical and pathogno-
monic sign of RCM [2]—can be also present in patients affected by other CMP [3, 4].

Idiopathic RCM is a rare CMP characterized by myocardial fibrosis and diastolic
dysfunction of one or both ventricles in the absence of significant ventricular dilata-
tion and/or hypertrophy [1-8]. At the time of diagnosis, RCM patients are usually
in an advanced functional New York Heart Association (NYHA) class. The disease
can be observed at any age. Ventricular sizes are small compared with the atria,
which are markedly enlarged. The left ventricle (LV) generally has preserved sys-
tolic function. No specific histologic patterns are reported in this CMP; usually,
severe and widespread myocardial interstitial fibrosis is present. Genetic forms of
RCM are reported with mutations in sarcomeric protein genes, similarly to other
forms of CMP [5, 9]. The most important differential diagnoses that must be made
are with CP and with infiltrative and storage CMP [3-5].

The distinction between these pathologies is made possible by considering clini-
cal clues and using imaging tools and cardiac catheterization data. Clinical suspi-
cion is fundamental and must orient the diagnostic workup and interpretation of
imaging and hemodynamic data (see below). RCM is usually characterized by the
typical dip-plateau pattern of LV diastolic pressure tracing at cardiac catheteriza-
tion. In RCM—a pathologic condition that typically increases pulmonary as well as
systemic capillary pressures—common clinical signs are jugular venous distention,
peripheral edema, and—in the more advanced stage—ascites. No specific electro-
cardiographic (ECG) findings are reported. Enlargement of the P waves and atrio-
ventricular block can be observed. Generally, the QRS voltage is normal in RCM,
whereas in amyloidosis, it is usually low, especially compared with ventricular wall
thickness. Chest radiography can be normal in the early stage, whereas cardiomeg-
aly and pulmonary vascular congestion are present in the more advanced cases.

RCM is a very rare disease and, as a consequence, data on long-term survival are
lacking in the literature. The disease might have a protracted course in the early
phase, when patients are younger and symptoms are mild; however, older patients,
with increasing symptoms and signs of systemic and pulmonary venous congestion,
have the worst prognosis [6]. No specific treatment for RCM is available. Supportive
therapy includes diuretics, heart-rate control to increase diastolic filling time, and
maintenance of sinus rhythm. In the presence of atrial fibrillation (AF), long-term
anticoagulation therapy is mandatory. The only effective intervention in patients
with advanced RCM and refractory heart failure (HF) is heart transplantation [6].

Desmin CMP is a rare genetic disease that results from mutations in the interme-
diate filament desmin gene. Clinical presentation is heterogeneous. Cardiac pheno-
types related to Desmin CMP include DCM, RCM, and, occasionally, ARVC-like
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Fig.19.1 (a, b) Echocardiographic findings in a patient with idiopathic restrictive cardiomyopa-
thy. Severe left atrial and moderate right atrial dilation with normal ventricular dimensions and
function. M-mode tracing on the left atrium (end-systolic diameter=6.87 cm) (a); apical four-
chamber view (b)

forms. In cases with Desmin CMP and RCM phenotype, restriction to diastolic
ventricular filling is only part of the disease, and patients usually present clinical or
subclinical skeletal myopathy and varying degrees of atrioventricular blocks [10].

Some CMP, characterized by myocardial interstitial infiltration or intracellular
deposition by various substances, frequently present as predominant diastolic HF
and RFP, and, accordingly, are considered among RCM in some classifications [1, 5].
However, as clinical, pathologic, and imaging features of these diseases are pecu-
liar, they are addressed in this book in a separate chapter (Chap. 20).

19.2.2 Echocardiographic Features

Echo-Doppler findings of idiopathic RCM are characterized by abnormal ventricular
filling due to severe diastolic dysfunction (RFP) in the presence of normal or reduced
ventricular volumes and in the absence of significant wall hypertrophy [1-3, 9]; ven-
tricular systolic function is usually preserved, even though contractility is not totally
normal, as demonstrated using advanced echocardiographic techniques (see below).

Echocardiographic characteristics of RCM might not be specific, particularly in the
initial phases of the disease, showing only a mild left atrial (LA) dilatation [7]. In more
advanced forms, both atria are severely dilated, in contrast with the normal or reduced
ventricular size (Fig. 19.1, Clip 19.1a, b). In the presence of a severely dilated LA, it
is rather common to identify a thrombosis in the LA appendage during transesopha-
geal echocardiography (TEE), particularly in patients with atrial fibrillation (AF) [7].

The disease can involve both the LV and RV [11]. Wall thickness is usually nor-
mal, but in some cases, it is possible to detect mild LV or RV wall hypertrophy [12].
Various degrees of systolic dysfunction with diffuse hypokinesis can be found in
more advanced disease [11] (Clip 19.2). Functional mild-to-moderate mitral (MR)
and tricuspid (TR) regurgitation are frequent (Clip 19.3) [8]. The inferior vena cava
is dilated with reduced inspiratory collapse, the consequence of elevated right atrial
(RA) pressure (Clip 19.4).
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Fig.19.2 (a, b) Doppler interrogation of transmitral (a) and tricuspid (b) flow showing restrictive
filling pattern in a patient with restrictive cardiomyopathy and atrial fibrillation. In both cases,
E-wave deceleration time was reduced to 120 ms

Typical echo-Doppler characteristics of the disease are severe diastolic dysfunc-
tion, with RFP interrogation of transmitral and/or tricuspid flow: there is a high,
early diastolic E wave; a low, late diastolic A wave; and a short E-wave deceleration
time, indicative of increased ventricular chamber stiffness (Fig. 19.2) [2—4, 11-13].
This transmitral and tricuspid flow pattern corresponds to the dip-plateau appear-
ance (square root sign) of diastolic ventricular pressure curves at cardiac catheter-
ization, i.e., abrupt, early diastolic increase of ventricular pressure followed by
persistent high pressure during mid- and end-diastole (plateau) [7].

Pulmonary venous-flow Doppler shows reduced systolic wave peak velocity,
increased diastolic wave peak velocity with reduced deceleration time, and accentu-
ated and prolonged end-diastolic retrograde wave due to LA contraction against high
end-diastolic ventricular pressure [14]. A similar pattern can be observed at the level of
hepatic vein flow, with reverse systolic waves in the presence of severe TR, and pro-
longed end-diastolic retrograde flow due to increased RV end-diastolic pressure [13].

Transmitral and pulmonary vein flow Doppler patterns demonstrate good correlation
with LV end-diastolic and pulmonary-wedge pressure at cardiac catheterization [3, 13],
providing a semiquantitative assessment of the hemodynamic severity of the disease.

In clinical practice, it is important to recall that in some patients with RCM, treat-
ment with diuretics may normalize the filling pattern. In this situation, RFP can be
unmasked after a fluid challenge.

Tissue Doppler imaging (TDI) can be useful in the diagnostic workup of patients
with suspected RCM. TDI curves on the septal or lateral mitral annulus and basal
LV segments typically show low velocities of both the systolic (S) and the early
diastolic (E") wave (Fig. 19.3). The ratio of transmitral E velocity to mitral annular
E’ velocity (E/E’) is therefore high, and this is an additional marker of elevated
ventricular filling pressures. Furthermore, global reduction of TDI-derived annular
velocities in RCM is a sign of intrinsic myocardial disease. However, it must be
remembered that these abnormalities are nonspecific.

The value of TDI in identifying initial alterations in myocardial contractility
through reduced systolic velocities has been studied in RCM patients. In fact, TDI
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Fig. 19.3 (a, b) Patient with idiopathic restrictive cardiomyopathy. Doppler interrogation of
transmitral valve (a) shows a restrictive filling pattern (E-wave velocity =83 cm/s, E-wave decel-
eration time=121 ms). Tissue Doppler imaging curve on the septal mitral valve annulus (b) shows
low velocities of the systolic (S” wave=4 cm/s) and early diastolic (E’ wave=5 cm/s) waves. E/E’
ratio is 16

imaging was employed to evaluate longitudinal velocities at the LV lateral wall, inter-
ventricular septum (IVS), and RV in children with RCM and normal LV ejection frac-
tion (EF): TDI peak velocities were significantly lower at the septum in RCM patients
and could therefore identify global subclinical systolic dysfunction in this setting [15].

19.2.3 OtherImaging Techniques

To our knowledge, extensive and systematic studies on cardiac magnetic resonance
(CMR) or other imaging techniques in this specific CMP are lacking in published
literature considering the extreme rarity of this pathology. However, some informa-
tion can be obtained from of studies on distinctive features between RCM and CP.
RCM is characterized at CMR and computed tomography (CT) studies by small,
nonhypertrophied ventricles with preserved systolic function, enlarged atria, and
severe myocardial fibrosis in the absence of pericardial abnormalities. CMR late
gadolinium enhancement (LGE) and/or T1 analyses can be employed to identify
myocardial fibrosis, which is the histologic hallmark of this CMP.

19.2.4 Imagingin Prognosis and Patient Management

In RCM, prognosis mainly depends on the clinical stage of the disease, which can
range from an early subclinical phase to the severe advanced stage. Early recogni-
tion and a correct and specific diagnosis are essential for prognostic stratification
and choice of treatment, as there is no specific therapy for idiopathic RCM; pharma-
cologic therapy of certain underlying diseases (such as sarcoidosis and hemochro-
matosis) may be beneficial. Furthermore, the differential diagnosis with CP is
crucial because pericardiectomy can be the definitive treatment in this pathologic
condition when it is refractory to medical treatment [16].
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Treatment of idiopathic RCM is aimed at reducing pulmonary and systemic con-
gestion. This is best achieved by lowering venous pressure, controlling heart rate,
increasing filling time, maintaining atrial contractions, correcting atrioventricular
conduction disturbances, and avoiding anemia, nutritional deficiency, calcium over-
load, and electrolyte imbalance.

In idiopathic RCM, echocardiographic evaluation can contribute to prognostic
stratification of patients. In fact, patients with severe LA enlargement (dimension
>60 mm) have a poor prognosis, particularly if >70 years and with advanced NYHA
class [8]. In a series of 94 patients [8] followed for a mean of 68 months, estimated
overall survival was significantly lower than expected for an age- and gender-
matched group (64 % vs 85 % at 5 years, and 37 % vs 70 % at 10 years).
Approximately two-thirds of deaths were cardiovascular, primarily due to HF, SD,
or cerebrovascular accident. Survival was not related to the presence of AF, LV
systolic dysfunction, or findings on endomyocardial biopsy (EMB).

Another echocardiographic feature that is important in patient management is
identifying, particularly in the advanced phase of the disease and in AF, thrombi
within the atrial appendages [7] due to the risk of embolic stroke and indication of
prophylactic anticoagulant therapy.

19.3 Differential Diagnosis Between Restrictive
Cardiomyopathy and Constrictive Pericarditis

The clinical problem of distinction between RCM and CP is one of the most challeng-
ing in cardiology and in internal medicine, despite the advances in diagnostics and
imaging techniques [17—19]. The first step in the diagnostic workup is clinical suspi-
cion. RCM or, alternatively, CP must be hypothesized if a patient shows signs of
congestive HF in the absence of significant LV systolic dysfunction or valvular heart
disease. Clinical history may provide important clues for the correct diagnosis. In fact,
the possibility of CP must be considered in patients with a history of tuberculosis, past
cardiac surgery, mediastinal irradiation, or previous pericarditis. Physical examination
and ECG are usually nonspecific, and the described clinical signs of CP are extremely
subtle. Chest X-ray can be useful only when it shows pericardial calcifications, which
are particularly frequent in tubercular CP but rare in the other forms.

Hemodynamically, CP is characterized by impaired diastolic filling caused by
the outer restriction of the pericardium, which is rigid from fibrosis and/or inflam-
mation. Consequently, an increase in ventricular interdependence is present, as is a
dissociation between intrathoracic and intracardiac pressures, thus isolating the
heart from normal respiratory changes in intrathoracic pressure [19].

Doppler echocardiography can help in CP diagnosis in its differentiation from
RCM. Both RCM and CP show RFP, but in CP, peak early diastolic filling velocities
(E waves) of the two ventricles change and are reciprocal with respiration: tricuspid
E wave velocity increases in inspiration; mitral velocity E wave decreases (Fig. 19.4)
[13, 20]. This is a sign of increased ventricular interaction due to the presence of an
abnormally stiff pericardium, typical of this disease and absent in RCM [13, 20].
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Fig. 19.4 (a—c) Patient with constrictive pericarditis. Mitral (a) and tricuspid (b) flow Doppler
patterns show reciprocal respiratory variations: E-wave transmitral peak velocity increases with
expiration; tricuspid E-wave peak velocity increases with inspiration. The hepatic vein flow
Doppler (c) shows an increase in early diastolic wave velocity in inspiration and a prominent and
prolonged end-diastolic reversal wave in expiration. /NSP inspiration, EXP expiration

Furthermore, pulmonary vein flow evaluation by Doppler shows reduced for-
ward flow during inspiration with a prominent systolic component in CP, whereas in
RCM, the diastolic component is prevalent [21]. Finally, in CP hepatic vein flow on
Doppler displays increase during inspiration and reduction in expiration, when
there is a more prominent and prolonged end-diastolic flow reversal (Fig. 19.4) [20].
Conversely, in RCM, this flow reversal increases during inspiration.

It is important to keep in mind that some patients with CP do not demonstrate
marked respiratory variations in Doppler velocities, particularly in the presence of
very high filling pressure [22]. This abnormality can be unmasked by studying the
patient in the upright position in order to decrease preload.

Additional echocardiographic indices have been proposed for the differential
diagnosis between RCM and CP. For example, quantification of flow propagation in
the LV cavity on color M-mode can be informative, and slope velocity >100 cm/s
shows good accuracy in distinguishing between these two pathologies [23].
Moreover, pulmonary hypertension and diastolic MR are more likely found in RCM
than in CP. On the other hand, typical characteristics of CP are abnormal diastolic
septal motion with a leftward shift in inspiration, and flattening of the posterior wall
in mid-diastole (Fig. 19.5, Clip 19.5) [24].
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Fig.19.5 M-mode trace in a
patient with constrictive
pericarditis. The posterior
wall is flat during diastole,
and the ventricular septum
shows abnormal motion in
inspiration (double arrows)

Fig.19.6 (a, b) Echocardiographic assessment of pericardial thickening (9 mm) throughout ven-
tricles. Parasternal long-axis (a) and subcostal (b) views in the same patient with constrictive
pericarditis as in Figs. 19.4 and 19.5

Pericardial thickness assessment is another useful feature in the differential diag-
nosis between RCM and CP (Fig. 19.6, Clip 19.6). In particular, measuring pericar-
dial thickness using TEE shows good correlation with that performed by CMR [25].

Novel echocardiographic techniques are particularly useful in the differential diag-
nosis between RCM and CP. In contrast to the global reduction in TDI-derived annu-
lar velocities seen in RCM, CP is distinguished by preserved TDI annular velocities
of the LV and RV free walls, as well as of the IVS (Fig. 19.7) [26]. Peak E’ wave
velocity >8 cm/s (in either case the septal or lateral wall) has an excellent accuracy in
differentiating CP from RCM [27]. Ha et al. [28] identified a condition called annulus
paradoxus in patients with CP, i.e., a paradoxical inverse correlation between low E/E’
and elevated LV filling pressures. Furthermore, other authors demonstrated that in
patients with CP, E at the lateral mitral annulus was lower than E’ at the medial or
septal mitral annulus; this condition is called annulus reversus, ascribed to LV free
wall tethering to the pericardium [29].

However, the diagnostic value of TDI-derived annular velocities may be limited
to annular-based constriction [30]. Furthermore, TDI annular velocities are reduced
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Fig. 19.7 (a-c) Patient with constrictive pericarditis. Doppler interrogation of transmitral valve
(a) shows a restrictive filling pattern (E-wave velocity=85 cm/s, E-wave deceleration
time= 120 ms), with marked respiratory variations. Tissue Doppler imaging curve on the septal
mitral valve annulus (b) shows normal systolic (S’ wave=9 cm/s) and early diastolic
(E" wave=10.1 cm/s) wave velocities. E/E’ ratio is 8. Tissue Doppler imaging curve on the lateral
mitral valve annulus (¢) shows normal systolic (S’ wave=8 cm/s) and early diastolic
(E’ wave=11.3 cm/s) wave velocities. E/E’ ratio is 7

in the presence of surgical annular rings, prosthetic mitral valves, and mitral annular
calcification.

In this subset of patients, evaluation of segmental myocardial deformation using
2D speckle-tracking echocardiography might add useful information to discrimi-
nate between constrictive from restrictive physiology [18]. In a study evaluating
myocardial mechanics using 2D speckle-tracking echocardiography in patients with
CP and RCM, CP patients had reduced depressed longitudinal strain in the LV
anterolateral wall and RV free wall but preserved strain in the LV septal wall. There
was a significant inverse correlation between pericardial thickness detected by
CMR and ventricular strain in adjacent segments [31]. Sengupta et al. [32] demon-
strated that in RCM the prominent endocardial dysfunction with sparing of epicar-
dial function causes abnormal longitudinal mechanics with relative sparing of
circumferential and twist mechanics, whereas patients with CP have relatively pre-
served longitudinal LV mechanics and markedly abnormal circumferential defor-
mation, torsion, and untwisting velocity (Fig. 19.8).

CMR and/or CT play a major role in the diagnostic workup of suspected CP or
RCM (Fig. 19.9) [17-19]. Volume analysis in RCM reveals normal-sized ventricles
with enlarged atria and normal pericardial thickness with normal myocardial con-
tours. CP, on the other hand, is characterized by tubular or indented, smaller-sized
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Fig.19.8 (a—d) Color M-mode display of apical untwisting velocity [rotational rate of the left ventricu-
lar apex (RotR)], obtained from speckle-tracking imaging in short-axis view, demonstrates reduced early
diastolic rate of untwisting in constrictive pericarditis (a, arrows), whereas longitudinal early diastolic
velocities (VL) from the left ventricular base in apical four-chamber view (b, arrows) are normal. In
contrast, patients with restrictive cardiomyopathy show a normal early diastolic rate of untwisting (c,
arrows) and reduced longitudinal early diastolic velocities from the left ventricular base (d, arrows). CP
constrictive pericarditis, RCM restrictive cardiomyopathy (From Sengupta et al. [32], with permission)

ventricles, normal myocardial thickness, and increased pericardial thickness, which
can be generalized or localized [17].

Black-blood T1-weighed sequences are used to assess pericardial thickness [33].
Hyperintensity at T2-weighed black-blood sequences [34] and T1-weighted
sequences after gadolinium administration [35] are indicative of active myocardial
and pericardial inflammation, whereas hyperintensity at LGE sequences alone is
indicative of pericardial fibrosis [36]. Calcification in CP is usually seen as a pro-
found hypointensity on all pulse sequences.

In CP, CMR tagging sequences are used to show pericardial adhesions [37],
whereas real-time cine CMR sequences during deep inspiration are used to assess
ventricular interdependence. Typically, leftward movement of the IVS is seen in
deep inspiration, and a rightward movement is seen in expiration, which is a pathog-
nomonic sign of pericardial constriction [38]. Septal flattening, another sign of
increase interventricular interdependence, may be observed with CMR in CP, with
a reported sensitivity of 80 % and specificity of 100 % [39].

Cardiac CT provides excellent imaging of the pericardium, allowing accurate
measurement of pericardial thickness. However, the demonstration of pericardial
thickening (>4 mm) is not completely sensitive or specific for CP. Findings that sug-
gest CP on CT include diffusely thickened or calcified pericardium, tubular LV and
RV, and a sigmoid IVS [40]. The choice between CMR and CT depends upon the
clinical setting and the available technologies. If the diagnosis is unclear, CMR
study may be preferable, whereas CT is probably the best imaging modality in cases
with a high suspicion of CP at clinical and echo-Doppler assessment [19].

A problem-oriented invasive hemodynamic study could be performed, particu-
larly in the most severe cases with a surgical option or in the presence of conflicting
results of noninvasive tests. CP is classically characterized by elevation and



19 Restrictive Cardiomyopathy: Clinical Assessment and Imaging in Diagnosis 195

Fig.19.9 (a-e) Examples of cardiac magnetic resonance (CMR) in differential diagnosis between
restrictive cardiomyopathy (RCM) and constrictive pericarditis (CP). T1-weighted imaging show-
ing pericardial thickening in CP axial (a) and short axis (b) and absence of pericardial thickening
(c) in a case of RCM secondary to amyloid; axial image. Late gadolinium enhancement (LGE)
imaging of CP showing absence of fibrosis in four-chamber (c¢) and short-axis (d) views. LGE
imaging short-axis view, of RCM secondary to amyloid showing diffuse gadolinium infiltration;
note septal flattening (in end-diastole) in short-axis views (b, e) in CP
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Fig.19.10 Algorithm for evaluating patients with restrictive cardiomyopathy vs constrictive peri-
carditis. Dotted arrows denote optional choices (From Zwas et al. [19], with permission)

equalization of filling pressures [17, 19]. However, this finding is not very sensitive
or specific, because it can be observed in RCM also. Furthermore, in CP, an inspira-
tory fall in pulmonary capillary wedge pressure (PCWP), contrasting with a fixed
systemic venous pressure, is present. Reciprocal pressure variations in the two ven-
tricles during respiratory phases is a useful sign of CP and is characterized by dis-
cordance between RV and LV systolic pressures, which increase and decrease,
respectively, during inspiration. Conversely, a concordant respiratory behavior in
systolic pressures in both ventricles is present in RCM [19].

In selected cases with refractory HF and nondiagnostic or discrepant imaging and
hemodynamic data, an EMB and/or pericardial biopsy may be indicated [19, 41].

Finally, the intriguing possibility of mixed constrictive/restrictive physiology
must be considered, particularly in patients without typical respiratory changes in
flow velocities and ventricular size. These patients, however, may be less likely to
benefit from pericardiectomy [42]. A useful diagnostic algorithm for a patient with
suspected RCM vs CP is shown in Fig. 19.10 [19].
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19.4 Eosinophilic Endomyocardial Disease
and Endomyocardial Fibrosis

The definition of hypereosinophilic syndrome requires a sustained peripheral
blood eosinophilia, >1.5x 10%/LL [43]. There are two types of hypereosinophilic
syndromes [5, 43]. The most common is secondary hypereosinophilia, which
occurs as a result of certain tumors, lymphoma, vasculitis, or parasitic or infectious
diseases, as well as the hypereosinophilia that follows hypersensitivity reaction.
The other form is primary hypereosinophilic syndrome that was first described by
Loeffler in 1936 as “endocarditis parietalis fibroplastica.” In this form, there is
evidence of eosinophil-mediated end-organ damage. The disease can affect all
organs, including the heart, lungs, and nervous system, leading to neurological
deficits [5, 43]. The cardiac pathology of hypereosinophilic syndrome has tradi-
tionally been divided into three stages: acute necrosis, thrombosis, and fibrosis
[44]. The acute necrotic stage is characterized by myocardial necrosis due to pro-
gressive degranulation of eosinophils; acute myonecrosis is followed by formation
of mural thrombi, often involving both ventricles; ventricular outflow tracts (OT);
and subvalvular regions. This process may lead to atrioventricular valvular incom-
petence. The third phase is characterized by fibrotic replacement, leading to an
RCM or a DCM phenotype.

Endomyocardial fibrosis (EMF) is an idiopathic disorder common mostly in
tropical and subtropical regions (predominantly in Africa), but possibly present
worldwide, characterized by the development of RCM [45]. EMF is sometimes
considered part of a single disease process that includes Loeffler disease. Clinical
presentation of the disease includes HF with preserved LV EF, reduced LV EF in
advanced stages, tricuspid and/or mitral regurgitation, hyper- or hypokinetic
arrhythmias, and, rarely, angina. Therapy comprises medical drugs (mostly
diuretics, angiotensin-converting enzyme (ACE) inhibitors, beta-blockers, and
anticoagulant agents in the presence of thrombi and/or AF), and surgery (endo-
cardiectomy combined with mitral/tricuspid repair/replacement) in order to
resolve RFP and HF [45].

Both Loeffler eosinophilic endocarditis and EMF are characterized at echocar-
diography in the early stage by endocardial hyperechogenicity due to eosinophilic
infiltration with necrosis and mural thrombus formation, particularly in the apex of
both ventricles (Fig. 19.11) [46—49]. Notably, wall motion adjacent to this deposi-
tion is normal. The use of contrast agents permits better evaluation not only of the
extend of the thrombotic mass but also of the continuity of the mass with the infil-
trated endocardium [50]. A highly echogenic line in the endocardial border [attrib-
utable to areas of fibrosis (Fig. 19.11)] can be found—particularly at the level of the
RV free wall or the LV posterolateral wall—that can be hypokinetic [46]. In the late
stage, mural thrombosis is replaced by fibrosis, which progresses to the endomyo-
cardium, leading to RCM with typical apical obliteration [5, 46—49]. The fibrotic
mass can also involve the atrioventricular (mitral and/or tricuspid) subvalvular
apparatus and leaflets, causing leaflet restriction and valvular regurgitation, which
can often be severe [49].
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Fig.19.11 Parasternal short-axis (leff) and four-chamber (right) views from a patient with hype-
reosinophilic syndrome. A bright echogenic line surrounds the left ventricular endocardial border.
The apical four-chamber view shows mural thrombi in the apex of both ventricles. LA left atrium,
RA right atrium (From Nihoyannopoulos and Dawson [5], with permission)

Loeffler endocarditis usually involves the LV, whereas EMF shows a biventricular
involvement in 50 % of cases and LV involvement in 40 %; the remaining 10 % has
RV involvement [51]. Ventricles typically are normal in size and systolic function is
preserved, whereas there is RFP due to interstitial fibrosis. There is usually prominent
biatrial dilation [46, 47]. Finally, pericardial effusion is frequently present in EMFE.

The feasibility of 3D contrast echocardiography has been proven in the diagnosis
and follow-up evaluation of Loeffler disease complicated by thrombus formation
and neoangiogenesis of the LV apex [52]. A preliminary report shows how 3D
transthoracic echocardiography can provide substantial information in right-sided
EMF concerning the region of RV involvement, as well as the various characteris-
tics of RA thrombi [53].

Endocardial fibrous tissue deposition, the hallmark of EMF, can be assessed with
LGE at contrast-enhanced CMR. A typical LGE pattern was described, with a
V sign at the ventricular apex, characterized by a three-layer appearance of the
myocardium, thickened fibrotic endomyocardium, and superimposed thrombus [54,
55] (Fig. 19.12). Electron-beam CT allows direct visualization of EMF, which is
depicted as linear calcifications and/or a thin tissue band of low attenuation within
the endomyocardium; CT enables differential diagnosis with CP [56]. In patients
with hypereosinophilic syndrome undergoing CMR, a 29 % prevalence of LGE was
reported, typically confined to the endocardium, located circumferentially within
the RV and LV apexes [57]. A marked regression of LGE was seen after adequate
therapy. Other authors report extensive myocardial hyperintensity at T2-weighted
imaging during the acute phase of eosinophilic myocarditis [58].

Considering the role of imaging in prognostic assessment and management of
patients with Loeffler/EMF, available data are limited because the natural history of
this rare disease is not fully defined; also there are few data to guide therapeutic
decisions. AF is associated with worse prognosis, particularly if associated with
severe tricuspid regurgitation [59]. Although EMB is still considered part of the
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Fig.19.12 Characteristic
aspect of endomyocardial
fibrosis at late gadolinium
enhancement cardiac
magnetic resonance imaging.
Note the three layers
(outermost to innermost) of
hypointense myocardium,
hyperintense endomyocardial
fibrosis, and hypointense
superimposed thrombus with
biventricular involvement
(Reproduced from Kharwar
et al. [53], with permission)

BAN s

diagnostic workup [60], a serum eosinophilic count associated with a diagnostic
CMR study might replace this procedure in patients with RCM coming from
endemic regions. In early disease stages, in which there is suspicion for active
inflammation, CMR may be useful in identifying patients who may benefit from
steroid therapy, whereas in the advanced phases, it might be helpful to provide
information to the managing physician regarding the feasibility of cardiac surgery.
In fact, regional EMF resection with tricuspid- and/or mitral valve replacement in
patients with severe HF has resulted in functional improvement [56].

19.5 Systemic Sclerosis

Systemic sclerosis (or scleroderma) can involve any organ, including the heart
[61, 62]. Extensive fibrosis, vascular alterations, and autoantibodies against various
cellular antigens can be present in the organ affected. Endocardium, myocardium,
and pericardium, separately or concomitantly, can be involved. As a consequence,
pericardial effusion, atrial and/or ventricular arrhythmias, conduction disease, val-
vular regurgitation, myocardial ischemia, myocardial hypertrophy, and HF have
been reported. Microvascular coronary abnormalities and dysfunction are described
that can result in ether angina pectoris or acute myocardial infarction [61].

ECG can show premature atrial and ventricular beats, right bundle-branch block
(RBBB), and other conduction abnormalities [5]. In this disease, the prevalence of
LV systolic dysfunction is relatively low, and the most common causes of LV
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systolic function impairment are coronary artery disease, systemic hypertension,
and acute myocarditis. Conversely, LV diastolic dysfunction is very common and is
usually induced by primary myocardial involvement (RCM) or involvement sec-
ondary to hypertension, pulmonary hypertension, and pericardial disease. RV dys-
function can be also present as a consequence of pressure overload related to
pulmonary hypertension. It can also occur due to myocardial fibrosis alone or be
associated with microvascular disease. Pericardial involvement is described in sev-
eral studies and include fibrinous pericarditis, chronic fibrous pericarditis, pericar-
dial adhesions, and pericardial effusions [62].

The echocardiographic abnormalities observed in systemic sclerosis with car-
diac involvement are secondary to diffuse myocardial fibrosis and fiber degenera-
tion, with consequent segmental and global systolic dysfunction and restriction of
ventricular filling [63]. In this setting, LV strain analysis by speckle-tracking echo-
cardiography has been employed to detect subclinical LV dysfunction, which por-
tends a higher risk of cardiovascular complications [64]. Furthermore, TDI and
speckle-tracking-derived strain can discern early RV systolic dysfunction, even in
the absence of pulmonary hypertension [65]. CMR study can also be employed in
this setting. Subclinical primary cardiac involvement, characterized by decreased
RV EF, was demonstrated at CMR in all patients affected by systemic sclerosis
without clinical signs or symptoms of cardiac involvement [66]. Another interesting
finding at CMR study was the demonstration of reduced myocardial perfusion
reserve [67]. Reduced myocardial perfusion reserve may also contribute to RV dys-
function in patients with pulmonary artery hypertension [68].

LV LGE, usually seen with a basal and midcavity midwall linear pattern, was
reported in a varying proportion of patients with systemic sclerosis [67, 69, 70]; in
another study, 75 % of patients with systemic sclerosis had at least one of the above
quoted abnormalities [71].

Stress-induced defects are often found at exercise thallium single-positron-
emission CT (SPECT) scan despite minor or absent clinical evidence of cardiac
involvement. Lower RV and LV EF are found in patients with defects [72]. Depressed
RV EF in asymptomatic patients is also demonstrated by radionuclide ventriculogra-
phy [73]. An increased calcium score on chest CT was evident in systemic sclerosis
patients compared with controls, progressively increasing with disease duration [74].

Considering prognostic implications of imaging, echocardiographic evaluation
can be useful, first because in patients affected by systemic sclerosis, signs of car-
diac involvement are related with worse prognosis [75]. A simple two-variable-
weighted cardiac score, derived from routine ECG and echocardiography, is a useful
predictor of survival: left-axis deviation or large pericardial effusion independently
predicted mortality [76].

Assessing microcirculation impairment with abnormal vasoreactivity with or
without associated structural abnormalities of the small coronary arteries or arteri-
oles may have prognostic and therapeutic implications in systemic sclerosis with
cardiac involvement [77, 78]. Studies [79, 80] using contrast enhanced transthoracic
Doppler before and after adenosine infusion show impaired coronary flow reserve
in patients without clinical evidence of cardiac involvement. High-resolution
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perfusion CMR techniques can identify small subendocardial defects highly sug-
gestive of microvascular alteration. Imaging can also be useful for guiding therapy,
showing the beneficial effects on myocardial perfusion of vasodilators such as
calcium-channel blockers. After 14 days of treatment with nifedipine, CMR showed
improvement, with a mean 38 % increase in the global perfusion index [81]. Similar
results were demonstrated using positron emission tomography (PET) [82] and
thallium-201 SPECT [83].

19.6 Radiation Cardiomyopathy

Irradiation of the heart, incidental to mediastinal radiation therapy of malignancies
such as Hodgkin’s disease, breast cancer, or chest wall tumors, can induce a wide
spectrum of cardiovascular complications, increasing in frequency and severity
with higher radiation doses, larger volume exposed, younger age at time of expo-
sure, and greater time elapsed since treatment [84, 85]. These complications include
effusive or constrictive pericarditis, myocardial fibrosis with systolic and/or dia-
stolic ventricular dysfunction (RCM), coronary artery disease (with frequent
involvement of coronary ostia), valvular abnormalities, and conduction electrical
disturbances. Cardiac damage associated with radiotherapy rarely manifest acutely,
whereas it is frequently progressive. In particular, RCM, as well as CP, induced by
radiotherapy is evident several years after treatment [5]. Differentiating between
constriction and restriction may be particularly difficult in these patients, because
the two conditions may coexist and clinical history and physical examination are
often not sufficient [42]. In this field, thoracic CT and/or CMR scan could be useful
in patient management.

Echocardiographic study in a patient treated with radiotherapy can rarely show
pericardial effusion in the acute stage and, on very rare occasions, cardiac tam-
ponade. In a later stage, chronic pericarditis with pericardial thickening and pos-
sible constriction can be observed. Myocardial dysfunction with a restrictive
ventricular physiology secondary to interstitial fibrosis can also be present [5].
Valvular abnormalities are usually left sided and include anterior mitral valve
leaflet and aortic valve thickening (due to tissue fibrosis and/or calcification), with
associated regurgitation and, less commonly, stenosis. Finally, myocardial isch-
emia with consequent dysfunction and scar compatible with myocardial infarction
can be present secondary to microvascular and/or macrovascular injury [84].

Speckle-tracking analysis can be used to identify reduced LV regional function
related to radiation dose distribution not demonstrable by conventional echocardio-
graphic parameters [86]. A number of SPECT studies evaluating myocardial perfu-
sion after breast or mediastinum irradiation document the onset of both fixed
(possibly indicating direct damage) and reversible (possibly indicating progression
of atherosclerotic disease) regional perfusion defects [§7—89].

Microvascular insufficiency and ischemia can result in diffuse and patchy
interstitial myocardial fibrosis [90] that may contribute to impaired diastolic dis-
tensibility of the ventricles seen in this group of patients. Demonstration of the
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negative effects of radiation therapy on LV diastolic function by Doppler assess-
ment is useful from a prognostic point of view. In a series of 294 patients receiv-
ing at least 35 Gy to the mediastinum, patients with LV diastolic dysfunction had
worse event-free survival than patients with normal function (hazard ratio 1.66,
95 % confidence interval 1.06-2.4) over a 3.2-year follow-up. In addition, these
patients more frequently had stress-induced ischemia, and E-wave velocity and
pulmonary systolic to diastolic velocity ratio were independent predictors of
survival [91].

After mediastinal radiation therapy, CMR can show fibrosis that does not corre-
spond to a coronary territory or to a pattern consistent with other CMP, such as
amyloidosis or sarcoidosis. This information can be used before considering revas-
cularization in patients with potential nonischemic causes of HF, such as those with
previous mediastinal radiation therapy [92].
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20.1 Introduction

Infiltrative/storage cardiomyopathies (CMP) are characterized by the pathological
deposition of abnormal substances in the heart muscle that cause myocardial
hypertrophy, progressive stiffening, and diastolic and systolic dysfunction. They
can result from a broad spectrum of inherited or acquired conditions and are usually
associated with several systemic manifestations. It must be noted that the term
infiltrative specifically refers to intercellular deposition, whereas storage refers to
intracellular myocardial accumulation. The combination of clinical presentation
and morphofunctional features often provides the clinician with enough insights
(red flags) [1] to establish a working diagnostic hypothesis and thus correctly target
further examinations. Noninvasive imaging, especially echocardiography [2]
(Table 20.1) and cardiac magnetic resonance (CMR) (Table 20.2), plays a crucial
role in the diagnosis and follow-up of these rare diseases. In some cases, serologi-
cal, histological, and/or genetic examinations are required to confirm the diagnosis.
Infiltrative and storage CMP are often characterized by a poor prognosis, although
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Table 20.1 Echocardiographic features of infiltrative, storage, and mitochondrial cardiomyopa-

thies (CMP)

Disease

Infiltrative cardiomyopathies

Amyloidosis

Sarcoidosis

Wegener granulomatosis

Storage cardiomyopathies
Fabry disease

Danon disease
PRKAG?2 cardiac syndrome

Glycogenoses

Friedreich ataxia

Oxalosis

Mucopolysaccharidoses

Hemochromatosis

Echocardiographic features

Left and right ventricle hypertrophy with preserved ventricular
size

Granular left ventricle appearance

Biatrial dilatation

Thickened interatrial septum and valve leaflets
Pericardial effusion

Restrictive physiology

Decreased ejection fraction in advanced cases
Variable wall thickness

Normal to dilated ventricular chambers

Scar retraction, aneurysms in the left ventricle
Focal or global hypokinesis

Pulmonary hypertension

Wall motion abnormalities

Pericardial effusion

Predominant concentric hypertrophy of left ventricle

Right ventricular and papillary muscle hypertrophy also common
Mild valve abnormalities

Mild dilatation of the aortic root

Possible binary appearance of the endocardial border

Marked symmetrical increase in left ventricular wall thickness
(range 20—-60 mm)

Left ventricle hypertrophy ranging between asymmetric septal
hypertrophy, concentric hypertrophy, and distal hypertrophy
Pompe disease: severe thickening of the intraventricular septum,
free wall, and posterior left ventricular wall, with a tumor-like
appearance of the papillary muscles

Cori-Forbes disease: concentric left ventricle thickening,
increased refractile pattern, and granular appearance of the
myocardium

Increase in left ventricular septal and posterior wall thickness
Cavity size and ejection fraction usually normal

Biventricular symmetrically thickened walls

Myocardium characterized by patchy, echo-dense speckled
reflection

Asymmetrical septal hypertrophy

Thickening of the valves

Mitral and the aortic valves with insufficiency and/or stenosis
Increase in left and right wall thickness

Dilated left ventricle with global systolic dysfunction
Restrictive physiology

Mitochondrial cardiomyopathy

Left ventricular hypertrophy
In the late stage of disease, left ventricular dilatation and systolic
dysfunction (hypokinetic end-stage evolution)
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Table 20:2 Echocardiography CMR PET SPECT CT
ﬁ);egi(r)lfgdtgzifiztues Cardiac amyloidosis ++ +++ + ++

in the assessment of Anderson-Fabry disease  ++ +++  + +
infiltrative/storage Cardiac hemochromatosis + +++ +
cardiomyopathies Cardiac sarcoidosis + +++  +++

CMR cardiac magnetic resonance, PET positron emission tomography,
SPECT single-photon-emission computed tomography, CT computed
tomography

in some cases (e.g., Fabry disease), an early diagnosis can lead to specific treatment
with potentially good results.

Heart failure (HF) is a common finding in infiltrative/storage CMP. However, as
HF represents the final clinical pathway of many cardiac diseases, the recognition
of many other multi-system manifestations (e.g., renal failure, peripheral neuropa-
thy, skeletal myopathy, mental retardation, hepatosplenomegaly, etc.) is crucial to
correctly direct the diagnosis [1] (Table 20.3). Moreover, it is important to empha-
size that, especially in infiltrative CMP, evidence of a left ventricular (LV) hypertro-
phy on electrocardiography (ECG) is not a reliable indicator of increased LV mass.
Indeed, infiltrative disorders mainly cause increased wall thickness by accumulation
of abnormal substances in the interstitium and not within the myocytes (pseudohy-
pertrophy). Consequently, increased wall thickness does not consistently correlate
with high QRS complex voltages at ECG, and paradoxical low voltages or normal
QRS voltages at ECG, contrasting with the significant LV hypertrophy, can be the
first diagnostic clue of infiltrative CMP (typically amyloidosis) [1]. On the other
hand, storage CMP, characterized by intracellular myocardial accumulation, fre-
quently show very high QRS voltages at ECG, sometimes associated with ventricu-
lar pre-excitation, which can be the ECG hallmark of these disorders (e.g., Fabry
disease, Danon disease).

Echocardiographic features are quite similar in most of infiltrative and storage
CMP [2] (Table 20.1), frequently mimicking hypertrophic cardiomyopathy (HCM)
in morphologic abnormalities and restrictive cardiomyopathy (RCM) from the
hemodynamic point of view.

A final important point is that the use of advanced echocardiographic techniques,
as well as CMR (Table 20.2), can be helpful in differential diagnosis, identifying
early cardiac involvement, and quantifying the severity of cardiac damage in systemic
infiltrative or storage diseases, with a favorable effect on treatment and outcome.

20.2 Infiltrative Cardiomyopathies
20.2.1 Cardiac Amyloidosis
Cardiac amyloidosis (CA) can be considered the prototype of infiltrative CMP. It

results from pathological accumulation of insoluble extracellular fibrils derived by
an abnormal folding of heterogeneous proteins [3] (Table 20.4). Regardless of
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Table 20.4 Amyloidosis subtypes

Type Precursor protein
Primary amyloidosis Immunoglobulin light
(AL) chains

A (75 %) x (25 %)
Secondary Serum amyloid A
amyloidosis (AA) protein
Senile systemic Transthyretin
amyloidosis (SSA)  (wild-type)
Hereditary systemic Mutated transthyretin,
amyloidosis (ATTR, mutated

AApoAl) apolipoprotein A1l (or
other rare variants)

Atrial isolated Atrial natriuretic

amyloidosis peptide
Dialysis-related B2-microglobulin
amyloidosis (Ap2M)

Systems/organs involved

Heart, kidney, liver,
gastrointestinal system,
peripheral nervous
system, autonomic
nervous system
Kidney, autonomic
nervous system, heart
(uncommon)

Heart

Heart, kidney, nervous
system

Heart (atrium 100 %)

Osteoarticular system

213

Notes

Most common form
in Western countries.
Associated with
multiple myeloma or
lymphoma.

Chronic
inflammatory
disorders

Advanced age

(>80 years). Slowly
progressive course,
relatively benign
prognosis.
Autosomal dominant
inheritance

Increased risk of
atrial fibrillation
Long-lasting
hemodialysis

ATTR transthyretin, AApo Al apolipoprotein Al, Af2M P2-microglobulin-derived

which precursor protein causes the disease, the deposits are indistinguishable with
light microscopy and invariably stain with Congo red staining (Fig. 20.2). The spec-
trum of organ involvement can include kidneys, blood vessels, nervous system,
liver, lungs, gastrointestinal system, skin, eyes, joints, bones, and the heart.

Cardiac involvement is common and represents the most frequent cause of
morbidity and mortality [4]. Symptoms include HF (dyspnea, peripheral edema,
ascites), angina, hypotension, syncope, and palpitations. Supraventricular
arrhythmias, especially atrial fibrillation (AF), can occur in 10-15 % of cases [3];
typical ECG pattern includes (Fig. 20.1):

* Low QRS voltages (46 % of cases)

¢ Pseudonecrosis Q waves in anterior leads (64 %)
¢ Abnormal QRS axis deviation (66 %)

¢ Atrioventricular blocks (35 %)

¢ Intraventricular blocks (16 %)

¢ AF or flutter (20 %)

The presence of coexisting systemic manifestations, such as a multiple myeloma,
dysphonia, macroglossia, skin alterations, peripheral neuropathy, carpal tunnel
syndrome, renal failure, and proteinuria, can strengthen the suspicion of systemic
amyloidosis.

CA is usually indirectly diagnosed using noninvasive cardiac imaging and a
bioptic confirmation of amyloid presence in an extracardiac tissue (typically abdom-
inal fat, rectal submucosa, or salivary glands). Endomyocardial biopsy (EMB)
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Fig.20.1 Typical electrocardiogram (ECG) in a patient with cardiac amyloidosis. Low QRS volt-
ages in peripheral leads and marked axis deviation are evident. Pathologic Q waves are also
present

Fig.20.2 Typical histologic pattern of cardiac amyloidosis. Interstitial depositions of amyloid are
evident at Congo red staining, appearing as green birefringence under polarized light (x40)

(Fig. 20.2) may be necessary in cases with a high clinical suspicion but nondiagnos-
tic extracardiac histology [4]. Clinical phenotype, prognosis, and treatment are
highly variable, depending on the type of amyloidosis (Table 20.4). The most com-
mon form is amyloid light-chain (AL) amyloidosis, which has an estimated
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incidence of six to ten cases per million population per year [5]. The precursor
protein is an immunoglobulin light-chain (A or k) and is sometimes related to mul-
tiple myeloma or lymphoma. Median survival of patients with AL amyloidosis is
around 48 months [6], and the presence of symptomatic cardiac involvement at
diagnosis represents a significantly negative prognostic marker [7]. Other forms
include hereditary amyloidosis [transthyretin (ATTR), apolipoprotein Al (AApo
A1l)], senile systemic amyloidosis (SSA), secondary amyloidosis (AA), dialysis-
related amyloidosis [B2-microglobulin-derived (AB2M)] and isolated atrial amyloi-
dosis (for details, see Table 20.4) [8].

Echocardiography represents a main diagnostic tool in CA. HF is frequently the
result of the stiff-heart syndrome characterized by severe impairment of diastolic
function secondary to amyloid infiltration of the myocardium, with relatively pre-
served systolic function and without cardiac remodelling [3, 4, 8—15]. However, it
is important to realize that echocardiography cannot make the diagnosis in isola-
tion, and images should be interpreted in the context of the clinical picture and
other investigations. Moreover, the different types of amyloidosis that affect the
heart (i.e., AL and variant/wild-type TTR types) cannot be distinguished by echo-
cardiographic features, and this differential diagnosis is dependent on the recogni-
tion of some clinical and humoral clues and must be confirmed by
immunohistochemical analysis from biopsy specimen [8]. Identifying the specific
type of amyloidosis is compulsory in this setting, because therapeutic options are
very different.

The most common echocardiographic feature is a concentric thickening of the
left ventricular (LV) walls (Fig. 20.3, Clips 20.1 and 20.2), particularly in the
absence of secondary causes. The combined presence of increased LV mass and low
voltages at ECG (Fig. 20.1) may be more specific for infiltrative disease [4, 9, 16,
17]. Rahman et al. [9] studied 196 patients referred for EMB because of clinical
suspicion of CA. The diagnosis was confirmed in 58 patients and, in multivariate
logistic regression models, a combination of a low voltages and measures of myo-
cardial thickness produced the most statistically useful model.

LV systolic function is usually preserved until the late stages of the disease pro-
cess. However, despite a normal LV ejection fraction (EF), longitudinal systolic
function may be altered early during disease progression. In the presence of seg-
mental wall-motion abnormalities (WMA) or global LV systolic dysfunction, a con-
comitant involvement of coronary arteries (due to atherosclerotic heart disease and/
or coronary infiltration by amyloid) should be suspected [18].

The echocardiographic appearance of CA can closely mimic several other dis-
eases. Asymmetric hypertrophy of the septum due to amyloid deposition, even if
rare, may occur, simulating HCM. Increased echogenicity of the myocardium
(granular sparkling appearance) is not specific for CA and can also be found in
myocarditis with severe fibrosis; it is quite common in HCM, as well as in other
infiltrative and storage CMP [19]. Cardiac valves, papillary muscles, and intra-atrial
septum are also frequently thickened, and pericardial effusion is frequently observed
(Fig. 20.3, Clips 20.1 and 20.2). Mild valvular dysfunction is quite common, but
severe dysfunction is rare [20]. Both atria are often enlarged, in keeping with



216 M. Moretti et al.

Fig.20.3 Echocardiogram from a 72-year-old woman with cardiac amyloidosis. The left ventri-
cle (LV) is severely hypertrophic (interventricular septum thickness 26 mm). Also, thickening of
the right ventricle (RV) is evident. A granular sparkling appearance of the ventricular myocardium
is evident. There is moderate thickening of valve leaflets and inter-atrial septum. Pericardial effu-
sion is present. Parasternal long-axis view (a); M-mode echocardiogram of the left ventricle (b);
apical four-chamber view (c); subcostal view (d)

diastolic dysfunction, which can involve both ventricles. The right ventricle (RV)
can be involved in CA, frequently showing hypertrophy and dysfunction. Ghio et al.
[21] studied 74 patients with AL amyloidosis and showed that 20 % of them had RV
dysfunction [by tricuspid annular proximal systolic excursion (TAPSE)]. Diastolic
dysfunction may be present in various degrees in CA. Doppler echocardiography
has a main role in this setting. Advanced disease is frequently characterized by a
restrictive filling pattern (RFP) (Fig. 20.4). In 1989, Klein et al. [22] were the first
to describe the characteristics of LV filling pattern in patients with CA using Doppler
echocardiography.

The above described echocardiographic abnormalities were reported and are
seen in patients affected by symptomatic, clinically evident, CA and usually in an
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Fig. 20.4 Echocardiogram from a 50-year-old woman with cardiac amyloidosis. Transmitral
pulsed Doppler shows severe diastolic dysfunction with restrictive filling pattern (E-wave veloc-
ity =92 cm/s, A-wave velocity =29 cm/s, E/A ratio=3.2, E-wave deceleration time =92 ms)

advanced stage. Efforts have been employed to identify cardiac involvement in the
early stage of the disease in asymptomatic or mildly symptomatic patients.

Tissue-Doppler imaging (TDI) has shown reduced diastolic velocities in both early
and late cardiac amyloid, so even early diastolic dysfunction could be identified, even
in presence of minimal wall thickening [23]. As in healthy controls, in CA patients,
there is a gradient of tissue velocities from the base to the apex, but peak systolic tis-
sue velocities at the base and mid ventricle are significantly lower in CA patients with
advanced disease and HF in comparison with early-stage asymptomatic patients [24].

Doppler myocardial imaging could have a role also in assessing RV dysfunction.
Bellavia et al. [25] showed that E’ velocity (at the RV free wall) measured using
TDI, as well as TAPSE, are often reduced in patients with AL amyloidosis and nor-
mal echocardiogram and are independent predictors of death.

Furthermore, as mentioned in Chap. 19, TDI can have a role in distinguishing
restrictive physiology due to amyloid from constrictive pericarditis (CP). Sometimes
the differential diagnosis is not easy, because the two diseases share some clinical
and morphologic features. Peak early diastolic velocity from the lateral mitral annu-
lus by TDI are usually markedly reduced in patients with CA compared with CP and
normal individuals, which suggests that this measurement can provide a clinically
valuable distinction between these two conditions [26].
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Fig. 20.5 Assessment of 2D speckle-tracking strain in a patient with amyloidosis. The left ven-
tricle (LV) had a moderate hypertrophy (interventricular septum 14 mm, posterior wall 13 mm,
mass 160 g/mq) and a moderate systolic dysfunction (ejection fraction 43 %). Strain imaging
revealed global reduction of longitudinal (a), circumferential (b), and radial (c, d) strain, with a
progressive increase in strain values from base to apex. Bull’s eye plot showing results of longitu-
dinal strain analysis (a): basal LV level —5.3 %, mid level —7.1 %, apical level —14.5 %, and global
-9 %. Bull’s eye plot with circumferential strain values (b): basal -9 %, mid —14 %, apical —17 %,
and global —12 %. Radial strain assessed at basal LV (c) was 6.5 %, mid level 6.8 %, apical level
10 % (d), and global 7.8 %. ANT anterior, ANTL anterolateral, ANTS anteroseptal, AP2 apical two-
chamber view, AP3 apical three-chamber view, AP4 apical four-chamber view, GC global circum-
ferential (strain), GL global longitudinal (strain), HR heart rate, INF inferior, INFL inferolateral,
INFS inferoseptal, SAX A short-axis apical view, SAX B short-axis basal view, SAX M short-axis
mid view

Advanced echocardiographic techniques also focus on segmental deformation
and its role in the differential diagnosis between CA and other diseases that may
have a similar appearance at 2D echocardiography. Such diseases comprise HCM,
Fabry disease, and hypertensive heart disease. Sun et al. [27] reported that global
longitudinal strain detected by 2D speckle-tracking analysis was significantly lower
in patients with CA compared with healthy controls but also compared with indi-
viduals with LV hypertrophy caused by HCM or hypertensive heart disease.
Interestingly, CA is characterized by typical regional variations in longitudinal strain
from base to apex. A relative apical-sparing pattern (Fig. 20.5, Clip 20.3a, 20.3b,
and 20.3c) of longitudinal strain is an easily recognizable, accurate, and reproduc-
ible method of differentiating CA from other causes of LV hypertrophy [28].

Finally, Baccouche et al. [29] studied 12 patients with CA and 12 with HCM
using 3D speckle-tracking echocardiography. These authors found important
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Fig.20.6 Cardiac magnetic resonance (CMR) study in a 60-year-old patient affected by amyloid
light-chain (AL) amyloidosis with cardiac involvement. End-diastolic (a) and end-systolic (b)
frames. Note concentric LV thickening and severely impaired LV longitudinal function

differences between the two diseases. In particular, the basal-apical radial strain
gradient displayed oppositional characteristics in CA and HCM. The increasing
basoapical radial strain gradient contrasts the physiological, decreasing basoapical
radial strain gradient observed in healthy hearts [30].

CMR is particularly useful in CA imaging assessment by its value in morpho-
logical assessment, wall thickness evaluation, and the differential with other CMP
[8, 31-34]. CMR morphofunctional study confirms the classic appearance of the
disease, characterized by a restrictive configuration of the heart, with small and
thick ventricles and large atria, frequent presence of pericardial and pleural effu-
sions and/or ascites, and sometimes hypertrophy of the atrial septum [8, 33]
(Fig. 20.6).

In addition, CMR study can detect changes in myocardial tissue composition and
architecture due to interstitial deposition of amyloid protein as changes in signal
intensity on T1-weighted imaging. Furthermore, as myocardial intercellular amy-
loid deposition results in interstitial space expansion, late gadolinium-enhanced
(LGE) CMR has main role in the diagnosis of CA. In fact, gadolinium chelates
distribute in the extracellular space that is expanded by amyloid infiltration, leading
to signal enhancement.

Syed et al. [34] performed LGE CMR in 120 patients referred to a tertiary center
with histologically confirmed diagnosis of amyloidosis; 97 % of their CA patients
had abnormal LGE, and 91 % had increased LV wall thickness on echocardiogra-
phy. LGE pattern was global (transmural or subendocardial) in 83 % of cases
(Fig. 20.7). Austin et al. [35] described a typical LGE pattern at CMR in CA
patients, which is a diffuse circumferential LGE pattern involving the entire suben-
docardium and extending to adjacent myocardium. The diagnostic accuracy of this
CMR pattern was superior to traditional noninvasive ECG and echocardiographic
variables. However, LGE imaging has some limitations in CA, dealing in particular
with contraindication in patients with severe renal impairment and by the fact that
the above described patterns of LGE are often not uniform and are quite variable,
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Fig. 20.7 Cardiac magnetic resonance (CMR) gadolinium-contrast-enhanced study in a patient
with cardiac amyloidosis. The short-axis stack shows a global subendocardial late gadolinium
enhancement (LGE) evident from the base to the apex of the left ventricle, corresponding to amy-
loid infiltration of myocardium

leading to confusion in interpretation [34]. An interesting development in CMR is
the advent of techniques that provide quantitative information on diffuse myocar-
dial fibrosis by measuring the intrinsic magnetic resonance relaxation parameter T1
of the myocardium and mapping its spatial distribution. Karamitsos et al. [36]
described a cohort of AL amyloidosis showing how native T1 correlates with sys-
tolic and diastolic dysfunction and has the potential to be more sensitive in detecting
early disease than is LGE imaging.

Another interesting new method that may play a future important role in assess-
ing CA is extracellular volume measurement using CMR. Banypersad et al. [37]
demonstrated the progressive increase of extracellular volume values from normals
to patients with AL amyloidosis without cardiac involvement, and those with defi-
nite cardiac involvement. Thus, this measurement has potential to become the first
noninvasive test able to quantify cardiac amyloid burden.

Amyloid deposits in the heart may be also detected by single-photon-emission
computed tomography (SPECT) using technetium-99m (**"Tc¢)-aprotinin, a
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protease inhibitor [38-40] and *™Tc-labelled phosphate derivatives, particularly in
patients with hereditary transthyretin-related (TTR) amyloidosis [41-45]. The latter
methods have important roles in differential diagnosis between TTR and AL amy-
loidoses and an improved capability in quantifying cardiac amyloid infiltration bur-
den compared with LGE CMR [46].

An increased thallium-201 (**'T1)—a perfusion tracer—washout rate at rest—
redistribution myocardial scintigraphy was reported in patients with CA and may
reflect the severity of amyloid deposits in the myocardium [47]. SPECT studies
with ['*I]-metaiodobenzylguanidine (MIBG), an analog of norepinephrine, dem-
onstrate myocardial dysinnervation (possibly due to the presence of amyloid
deposits or a specific involvement of the autonomic system) both in patients with
familial amyloidotic polyneuropathy [48, 49] and in those with AL amyloidosis
and autonomic neuropathy [50]. Positron emission tomography (PET) with
N-[methyl-11C]2-(4’-methylamino-phenyl)-6-hydroxybenzothiazole (['!“]-PIB),
a tracer used to evaluate brain amyloidosis, was suggested as a method for study-
ing systemic amyloidosis types AL and ATTR affecting the heart [51].
Parasympathetic myocardial denervation was also found in patients with familial
amyloidotic polyneuropathy with [''C]-methylquinuclidinyl benzilate (MQNB)
PET [49].

CA is historically considered a disease with poor short-term prognosis [3].
However, as demonstrated by Rapezzi et al. [8], it must not to be considered as a
single entity, but the different underlying etiologies must be taken in account, espe-
cially when considering outcome, being that AL CA is the most aggressive form.

Echocardiography has a main role not only for determining cardiac involvement
but in predicting outcome and monitoring cases over time. As shown by Klein et al.
[22], Doppler-derived LV diastolic-filling variables and, in particular, the presence
of RFP, are important predictors of survival in this disease. The same authors sub-
sequently focused on the prognostic significance of a progression of LV-filling
Doppler parameters during short-term follow-up that particularly affect patients
with nonsevere thickening of LV walls [52]. Additional echocardiographic abnor-
malities, such as LA enlargement and RV dysfunction, were related with a worse
prognosis in this disease [53]. Ghio et al. [21] found that RV dysfunction assessed
by TAPSE was associated with a more severe LV involvement, higher plasma levels
of N-terminal prohormone of brain natriuretic peptide (NT-proBNP) and poor
prognosis. Speckle tracking showed that RV dysfunction seems to develop later
than LV amyloid deposition, but, when it occurs, prognosis dramatically worsens
[54]. In a large population of biopsy-proven AL CA patients, Buss et al. [55]
showed that both TDI-derived longitudinal strain and speckle-tracking-derived
global longitudinal strain were independent predictors of survival, with incremen-
tal power beyond standard clinical and serological parameters. The authors also
demonstrated how NT-proBNP was strongly correlated with the parameters of lon-
gitudinal function considered above. Furthermore, Bellavia et al. [56], in a large
cohort of patients with AL amyloidosis, identified peak longitudinal systolic strain
of the basal anteroseptal segment as the main independent echocardiographic pre-
dictor of survival.
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CMR, in addition to offering the clinician an excellent tool by which to attain a
detailed view of morphological and functional abnormalities and to differentiate
CA from other disease entities, may have a prognostic value [56]. First, this tech-
nique has an important role in early diagnosis of cardiac involvement, providing the
opportunity to initiate early an adequate therapy [34, 57]. In addition, as reported by
Austin et al. [35], the presence of typical diffuse circumferential LGE pattern at
CMR is the only independent prognostic predictor on Cox proportional hazards
analysis.

An additional clinical point must be considered in prognostic assessment of the
disease. Although prognosis is generally poor in CA, long-term survival is rare but
possible, and it is generally observed when the disease (and cardiac involvement) is
detected at an early stage and adequate treatment is promptly implemented [58].

Finally, the underlying pathomechanisms of systolic and diastolic dysfunction
associated with CA remain widely unknown. It has been hypothesized that a possi-
ble direct toxic effect of amyloid proteins could initially induce myocardial hyper-
trophy and then lead to systolic and/or diastolic dysfunction [59]. As the disease
progresses, more amyloid deposits lead to atrophy and cardiomyocyte apoptosis
and remodeling toward collagen formation and subsequent fibrosis [8]. Probably,
this toxic effect is not equally present in all the types of amyloidosis. For example,
Ng et al. [60] observed that patients with senile systemic amyloidosis (SSA) mani-
fested a somewhat less aggressive disease course with respect to AL amyloidosis,
despite the presence of more severe LV wall hypertrophy. A possible direct toxic
effect related to the circulating monoclonal light chains in AL amyloidosis was
hypothesized.

20.2.2 Sarcoidosis

Sarcoidosis is a chronic immune-mediated disease characterized by formation of
granulomas in multiple organs (lungs, lymphatic system, liver, skin, eyes, nervous
system, heart). Estimated prevalence is ~10.9 cases per 100,000 population [61].
The heart is involved in 20-30 % of cases, but only 5 % are clinically evident and
symptomatic [62—-64]. Every part of the heart can be involved in the disease. The
predominant sites of myocardial involvement, in decreasing order of frequency, are
LV free walls and papillary muscles, basal aspect of the interventricular septum
(IVS), the RV wall, and atrial walls [63]. Clinical manifestations of cardiac sarcoid-
osis are variable and nonspecific; they range from asymptomatic conduction abnor-
malities to fatal ventricular arrhythmias, depending upon the location and extent of
infiltration. Complete heart block is the most common finding (23-30 % of patients
with clinically evident disease) [62—64]; first-degree heart block and bundle-branch
blocks (BBB) also often occur due to involvement of the basal septum by scar tissue
or granulomas or to that of the nodal artery, causing ischemia in the conduction
system. Ventricular tachycardia is the most frequent arrhythmia in sarcoidosis
(23 %), and sudden death (SD) secondary to ventricular arrhythmias has been
described [63]; supraventricular arrhythmias are less common (15 % of cases). HF
can be another manifestation and may be secondary to widespread infiltration of the
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myocardium, ventricular aneurysms, arrhythmias, cor pulmonale caused by
pulmonary hypertension, valvular regurgitation, or a combination of these pro-
cesses. End-stage HF is the cause of death in 25 % of patients affected by this
disease, making it the second most frequent cause of death after SD (67 %). Other
clinical manifestations include chest pain, pseudonecrosis Q waves at ECG, and
pericardial abnormalities, such as pericardial effusion (3—19 % of cases), CP, and—
rarely—cardiac tamponade [63].

The diagnosis of cardiac sarcoidosis can be very challenging from the clinical
point of view. EMB, despite its specificity, has a low sensitivity as a result of patchy
or focal infiltration [65]. The echocardiographic appearance of cardiac sarcoidosis
varies among affected patients, ranging from normal to dilated ventricular chambers
and normal to decreased regional and global systolic function. Ventricles may be
globally hypokinetic, or the patchy nature of sarcoid infiltration of the heart may
result in regional WMA [66]. Segmental WMA characteristically do not conform to
any particular coronary distribution [66—68]. Two-dimensional echocardiographic
morphologic abnormalities of cardiac sarcoid vary according to disease activity and
include wall thickening due to granulomatous expansion and wall thinning due to
fibrosis [66—68]. A typical site of these abnormalities, particularly wall thinning, is
the basal anterior septum, the appearance of which in a young patient with dilated
cardiomyopathy (DCM) is highly suggestive of sarcoidosis [67]. Scar retraction and
aneurysms may develop, especially if the patient has been treated with corticoste-
roids. Sun et al. [69] assessed the prevalence of the above-described echocardio-
graphic abnormalities in a large series of patients implanted with a pacemaker or an
implanted cardiac defibrillator (ICD) and absence of coronary artery disease. Two
abnormalities were analyzed: type 1, presenting with marked thinning and akinesis
of the basal IVS; and type 2, presenting as localized aneurismal bulging of the pos-
terolateral wall. Their prevalence was relatively low (15 and 6 cases, respectively, of
1,357 consecutive patients).

Pulmonary involvement occurs in 90 % of patients with sarcoidosis; thus Doppler
echocardiographic examination should include assessment of pulmonary pressures
and RV function to detect early signs of pulmonary hypertension [70]. In asymptom-
atic patients with extracardiac sarcoidosis, speckle-tracking echocardiography
revealed alterations in strain and rotational indices [71]. Newly diagnosed sarcoid
patients appear to have lower global longitudinal strain, despite having a well-pre-
served global systolic myocardial function. Moreover, LV twist appears to be
increased in the patient population with respect to the control population. Therefore,
deformation imaging could be a valuable adjunct for screening this patient group [71].

In suspected cardiac sarcoidosis, CMR can provide information when assessing
myocardial edema and fibrosis leading to postinflammatory scarring [72]. Smedema
et al. [73] studied 58 cases of biopsy-proven pulmonary sarcoidosis and report sen-
sitivity and specificity of CMR as 100 and 78 %, respectively, and positive and
negative predictive values as 55 and 100 %, respectively, with an overall accuracy
of 83 %. The preferential involvement of LV basal septal and lateral segments was
confirmed by this technique (Fig. 20.8).

Myocardial perfusion imaging with 2°'T1 and *™Tc-sestamibi SPECT may show
patterns of reverse distribution, in which perfusion defects at rest decrease under
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Fig.20.8 Four examples of late gadolinium enhancement (LGE) distribution (arrows) in cardiac
sarcoidosis. Patchy diffuse LGE at the inferior wall (a), focal LGE at the basal lateral wall (b),
focal LGE at the basal septum and lateral wall (¢), LGE scar at the anterior septum (d)

stress conditions, possibly due to focal reversible microvascular constriction in
coronary arterioles around the granulomas. However, 67 gallium (*’Ga) scintigra-
phy can detect cardiac involvement in sarcoidosis during its inflammatory phase
because of accumulation of this tracer in inflamed areas [74-76].

PET imaging with ['®F]-fluorodeoxyglucose (['*F]-FDG) PET—a glucose ana-
log preferentially taken up and retained in areas of inflammation—was demon-
strated in cardiac sarcoidosis to provide functional imaging of inflammatory disease
activity (typically seen as a patchy, focal uptake pattern) [72, 77-80]. In a meta-
analysis of seven studies and 164 patients, ['®F]-FDG PET was reported to have
89 % sensitivity and 78 % specificity for detecting active sarcoidosis [80]. When
using both [®F]-FDG and ['*N]-ammonia (**N-NHj3) or rubidium-82 (¥?Rb) to assess
myocardial perfusion, a characteristic pattern of perfusion defect and increased
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['®F]-FDG signal (perfusion—metabolism mismatch) is seen in active cardiac
sarcoidosis [81-84].

In cardiac sarcoidosis, early diagnosis and effective treatment are absolutely
necessary to improve long-term prognosis. Imaging—and in particular, CMR—and
PET are important tools in prognostic stratification and treatment choice [82].
Cardiac PET identifies patients at higher risk of death and ventricular tachycardia
due to the presence of focal perfusion defects and abnormal ['8F]-FDG uptake [83].
LGE at CMR can also be an important prognostic indicator. Patel et al. [85]
described a cohort of 81 patients with biopsy-proven extracardiac sarcoidosis: LGE
was present in 26 %, and these patients had a ninefold higher rate of adverse events
(death, defibrillator shock, pacemaker requirement) and an 11.5-fold higher rate of
cardiac death than patients without damage.

20.2.3 Wegener Granulomatosis

Wegener granulomatosis is characterized by necrotizing granulomatous inflamma-
tion involving vessels of multiple organs, particularly respiratory system and kid-
neys. Heart involvement is quite common (36-82 % of cases), but most frequently,
it remains subclinical [86, 87]. Clinically evident HF is rare.

A high frequency of echocardiographic abnormalities is reported in Wegener
granulomatosis. In a series of 85 patients [86], 86 % had echocardiographic abnor-
malities, and 36 % appeared directly related to Wegener granulomatosis. In particu-
lar, WMA, LV systolic dysfunction with decreased EF, and pericardial effusion
were found, respectively, in 65, 50, and 19 % of patients with related abnormalities.
Other findings include valvulitis, LV aneurysm, and a large intracardiac mass. The
mass (16-mm tick at the LV OT), which was removed surgically, consisted of granu-
lomatous tissue with negative culture results. Echocardiographic screening of
patients with active Wegener granulomatosis may be of clinical value because car-
diac involvement is often silent and associated with increased morbidity and worse
prognosis [86].

The possible incremental value of 2D speckle-tracking echocardiography over
standard echocardiography to detect myocardial abnormalities in Wegener granulo-
matosis shows that despite normal LV EF, global systolic LV abnormalities detected
by speckle-tracking imaging are common in affected individuals, reflecting sub-
clinical involvement of the myocardium, which is underdiagnosed using standard
echocardiography. Among all global peak-systolic deformational parameters, longi-
tudinal systolic strain/strain rate was the most commonly decreased, suggesting
subendocardial and midwall involvement in this group of patients [88].

20.2.4 Primary Cardiac Lymphoma

Primary cardiac lymphoma is a rare neoplastic disease (1 % of primary cardiac
tumors, 0.5 % of extra-nodal lymphomas) that involves myocardium and
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pericardium without extracardiac involvement [89, 90]. It is more frequent in
immunocompromised patients and usually presents with myocardial thickening and
intracardiac masses; nevertheless, forms undistinguishable from a restrictive/
infiltrative CMP are described [90]. From the clinical point of view, patients usually
present HF associated with diastolic and systolic dysfunction. ECG shows low
voltages (despite LV hypertrophy at echo); mild pericardial effusion may be pres-
ent. Diagnosis is challenging and always requires EMB [class IIa recommendation
in “unexplained” forms of restrictive CMP, according to American College of
Cardiology (ACC)/AHA (American Heart Association)/European Society of
Cardiology (ESC) guidelines] [91].

20.3 Storage Cardiomyopathies

The majority of the storage CMP here described can be considered among the
so-called lysosomal storage diseases, considering that they are caused by a
deficiency of lysosomal enzymes, membrane transporters, or other proteins involved
in lysosomal biology, and that the main accumulation of different substrates occurs
within lysosomes [92].

20.3.1 Anderson-Fabry Disease

Anderson-Fabry disease is a progressive, multisystemic, lysosomal storage disease
with an X-linked inheritance pattern [92, 93]. It is caused by a deficiency of alpha-
galactosidase A, a lysosomal enzyme involved in the metabolism of glycosphingo-
lipids. It results in accumulation of glycosphingolipids within the cells of multiple
organs (primarily skin, kidneys, vessels, and heart), causing multisystem clinical
manifestations. The incidence is reported to be ~1:100,000 live births, but this is
probably underestimated [92-94]. Cardiac involvement is frequent (40-60 % of
cases) and can mimic HCM [92, 95, 96], accounting for 0.5-6 % of cases initially
diagnosed as HCM according to different case series [95-98].

ECG is characterized by high QRS voltages (signs of LV hypertrophy) with
repolarization abnormalities; moreover, a short PR interval is present in 40 % of
cases. With disease progression, many cases develop atrioventricular and/or intra-
ventricular conduction defects, sick sinus syndrome, and supraventricular and ven-
tricular arrhythmias [94]. Presentation is clinically heterogeneous; symptoms may
be variable (angiokeratomas, acroparesthesias, pain crises, fever, chronic fatigue,
hearing loss, etc.). Major renal or cardiac dysfunction is uncommon in early stages
but frequently manifests in late stages [93, 98, 99]. The demonstration of deficient
alpha-galactosidase activity in plasma or leukocytes by enzymatic assay provides a
conclusive diagnosis in male patients; in female patients, diagnostic confirmation
should be made by genetic analysis [93].

Progressive thickening of cardiac walls represents the main consequence of
glycosphingolipid deposition and is the main echocardiographic feature of Fabry
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Fig.20.9 Echocardiogram from a 52-year-old man with Fabry disease and cardiac involvement.
The left ventricle is severely hypertrophic (interventricular septum thickness 29 mm) and moder-
ately dilated (end-diastolic volume 175 ml). A granular sparkling appearance of ventricular myo-
cardium is evident. There is moderate thickening of valve leaflets without significant stenosis.
Apical four-chamber view (a); apical two-chamber view (b)

CMP (Fig. 20.9, Clips 20.4 and 20.5) [99, 100]. LV hypertrophy is reported in up to
50 % of male and one third of female Fabry patients [99, 100]. In most cases, LV
hypertrophy is concentric; however, Fabry CMP may present with eccentric, apical,
or asymmetric septal hypertrophy, so that it may mimic HCM [95-100]. LV obstruc-
tion is rare at rest but is reported in 43 % of patients during effort [101]. LV systolic
function is usually preserved in most patients until advanced disease stage, but a few
patients may progressively develop systolic dysfunction and refractory HF [102].
RV involvement largely parallels LV involvement. RV hypertrophy can be found in
~50-70 % of all patients with Fabry disease (dependent on gender and age) [103,
104]. Interestingly, there is no reduction in RV hypertrophy under enzyme replace-
ment therapy, which is in contrast to LV response [104]. Valve abnormalities are
observed frequently in Fabry patients, but although globotriaosylceramide storage
is present in valve tissue, valve abnormalities are usually only mild. Mildly dilated
aortic root is common in Fabry disease: increased aortic root diameter is reported in
affected male compared with female patients and healthy controls [105].

On 2D echocardiography, a binary appearance of the endocardial border corre-
sponding to endomyocardial sphingolipid compartmentalization, creating a two-
layered appearance of the myocardium, was reported as a specific sign of the disease
[106]; however, in a subsequent study [107], this sign was considered unreliable,
being present also in some cases of HCM.

Finally, the Tei Index—a marker for combined diastolic and systolic dysfunction
derived by dividing the sum of isovolumic contraction and relaxation times by ejec-
tion time—was assessed in a large cohort of genetically confirmed Fabry patients
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and was higher in those with evidence of LV hypertrophy and/or LGE on CMR with
respect to patients without cardiac involvement [108].

According to recent studies, early cardiac involvement in Fabry disease could be
detected using advanced echocardiographic techniques. A study with TDI in Fabry
patients with EMB-proven cardiac involvement showed a reduction of both dia-
stolic and systolic myocardial velocities recorded at septal and lateral corners of the
mitral annulus [109]. Reduction of TDI velocities can, in fact, represent the sign of
initial intrinsic myocardial impairment not yet manifesting with LV hypertrophy
and conventional parameters of diastolic or even systolic dysfunction. According to
those authors, TDI can also be useful in detecting cardiac involvement in female
carriers with no systemic manifestations of disease.

Furthermore, Gruner et al. [110] showed that patients with Fabry disease lose the
normal base-to-apex circumferential strain gradient. In another study on 51 patients
affected by Fabry CMP and 25 controls [111], longitudinal strain rates in basal, mid,
and apical segments of each wall and radial strain rates of the inferolateral wall were
estimated by measuring the spatial velocity gradient using 2D color-Doppler myo-
cardial imaging. Interestingly, in Fabry patients, functional abnormalities tend to
occur more often in the LV lateral wall, LV longitudinal function appears to be
impaired earlier than radial function, and—concerning regional ventricular dys-
function—only the LV but not the RV seems to be involved.

One additional advantage of deformation imaging is the possibility of indirectly
assessing the presence of fibrosis. Weidemann et al. [112], using strain-rate imaging
(by real-time 2D color-Doppler myocardial imaging), showed that all myocardial
segments with LGE at CMR displayed a typical deformation pattern consisting of a
first peak in early systole, followed by a rapid fall in strain rate close to zero and a
second peak during isovolumic relaxation. This double-peak sign was never
observed in segments of healthy controls but was present in ten segments without
LGE. Interestingly, these false-positive segments were visualized in Fabry patients
who often subsequently developed a fast, progressive fibrosis, as demonstrated by a
follow-up CMR study.

In 101 consecutive Fabry patients, quantitative measurement of myocardial
fibrosis at contrast CMR was compared with regional myocardial deformation
assessed by speckle-tracking imaging [113]. Results suggest that the latter can be
used as a tool for indirect evaluation of LGE in Fabry disease. Patients with LGE
had lower global systolic longitudinal strain than those without. Loss of global
deformation, quantified by speckle tracking, was predominantly affected by abnor-
malities of basal posterior and lateral segments, and global systolic strain correlated
with the amount of LGE. Patients with severe LGE showed the lowest deformation
values in basal posterolateral segments when compared with patients with mild or
no LGE [113]. An improvement in regional myocardial function under enzyme
replacement therapy and, in particular, of systolic radial strain rate using real-time
2D color-Doppler myocardial imaging, is reported in the early disease stage without
LGE [114].

CMR study can be helpful in the diagnostic characterization of Fabry CMP and
in the evaluation of disease progression [115, 116]. Moon et al. [117] reported LGE
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Fig.20.10 CMR of a 46 years old man with Fabry disease. There is a concentric hypertrophy of
the LV seen at the 4 chamber view (a) and short-axis view (c¢) with lateral late gadolinium enhance-
ment (b, d)

patterns in a typical distribution involving the basal inferolateral wall, sparing the
endocardium, in 50 % of affected patients (Fig. 20.10). Replacement fibrosis,
detected as the presence of LGE at CMR, is considered a sign of disease progression
[116] and is present also in affected female patients without LV hypertrophy, sug-
gesting that hypertrophy and fibrosis are not necessarily associated [118]. Moreover,
Sado et al. [119] demonstrated that native T1 values of the myocardium are lower in
Fabry patients than healthy controls and patients affected by other diseases charac-
terized by LV hypertrophy. This finding is probably related to the intracellular accu-
mulation of glycosphingolipid in myocytes (presence of fat lowers T1 values).
Other imaging techniques can be employed in selected cases. Myocardial perfusion
reserve measured at rest and during dipyridamole-induced hyperemia by PET and
150-labeled water is reduced in patients with Fabry disease with cardiac involve-
ment compared with controls [120]. Fibrotic myocardial changes on CT were
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observed in affected patients as hypointense areas at early phases and abnormal
enhancement at late acquisition after iodinated contrast administration [121].

In Anderson-Fabry disease, there is evidence that early identification and initia-
tion of enzyme replacement treatment is associated with significant reduction in
myocardial mass and improved myocardial function and exercise capacity, whereas
patients with advanced forms of myocardial involvement show no improvement
[122]. Within this framework, CMR is a useful tool for assessing early cardiac
involvement and LV wall thickening. As shown by Sado et al. [119], CMR and the
use of native T1 mapping distinguishes Fabry disease from other common causes,
showing no apparent overlap, and may be useful in identifying very early cardiac
involvement (before the development of LV hypertrophy) and thus guide treatment
preventing possible damage to cardiac tissues.

20.3.2 Glycogenoses, Danon Disease, PRKAG2 Cardiomyopathy

Glycogen storage diseases are a group of genetic metabolic disorders caused by
deficient activity of enzymes involved in glycogen metabolism [123]. They are usu-
ally clinically evident at birth or within the first year of life. Major clinical features
include skeletal myopathy [hypotonia, generalized muscle weakness, calf pseudo-
hypertrophy, elevated creatine kinase (CK) levels], hepatomegaly, and metabolic
abnormalities (hypoglycemia and hyperlipemia). Inheritance is usually autosomal
recessive.

More than ten different forms of glycogen storage diseases are described, and
cardiac involvement is present in at least three of them (type II, or Pompe disease;
type III, or Cori-Forbes disease; type IV, or Andersen disease). Usually, cardio-
megaly and severe ventricular hypertrophy are identified at birth or at prenatal echo-
cardiography. LV hypertrophy may be massive, with progressive LV OT obstruction.
ECG usually shows very high QRS voltages, sometimes associated with ventricular
pre-excitation; furthermore, during disease progression, deposition of glycogen
results in conduction defects [124].

Diagnosis is made by measuring enzymatic activity and/or molecular genetic
testing. Enzyme replacement therapy, started in the early phases, is effective in
improving survival, ventilator-independent survival, motor-skills acquisition and in
reducing cardiac mass [125].

Echocardiography in patients (generally infants/young children) affected by
Pompe disease shows severe thickening of the IVS, free wall, and papillary mus-
cles, sometimes with a tumour-like appearance, small LV cavity, and normal to poor
LV function [126, 127]. Similar features can be present in Andersen disease. In
Cori-Forbes disease, echocardiogram shows concentric LV thickening, increased
myocardial refractile pattern and granular appearance, and decreased LV
dimension.

Danon disease is a rare X-linked-dominant disorder caused by a mutation in the
LAMP? gene, which encodes for a lysosomal membrane protein (LAMP). LAMP-2
deficiency results in lysosomal glycogen storage disease characterized in male
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patients by a triad of HCM with HF, skeletal myopathy, and mental retardation
[128]. Retinal involvement is also frequent and can lead to a severe visual impair-
ment. Affected female individuals usually show a later onset (30 vs 16 years) and a
less-severe disease presentation, sometimes isolated to the heart. Symptoms are
similar to those present in HCM (HF, arrhythmias, syncope, angina). ECG shows
very high QRS voltages and, in some series, ventricular pre-excitation due to the
presence of single or multiple accessory pathways [129]. Palpitations or syncope
may be related to the ventricular myopathic process (ventricular tachycardia) or
accessory pathways (orthodromic or antidromic precipitating tachycardia).
Biological diagnosis involves the demonstration of normal or high acid maltase
activity in combination with muscle biopsies showing large vacuoles (filled with
glycogen and products of cytoplasmic degradation) and an absence of LAMP-2
protein on immunohistochemical analysis. The diagnosis can be confirmed by
molecular analysis of the LAMP2 gene.

Echocardiographic characteristics include a marked symmetrical increase in LV
wall thickness (range 20-60 mm), significantly greater than that typically found in
patients with HCM [129, 130]. LV systolic dysfunction is often severely impaired;
LV OT obstruction is uncommon [130].

Some reports show additional advantage of advanced echocardiographic tech-
niques in patients with Danon disease. In particular, real-time 3D echocardiography
is useful for diagnosing and characterizing apical thrombus and LV noncompaction
(NC) in young patients [131]. Entire trabecular projections and intertrabecular
recesses are visualized simultaneously using this technique, and distinctions
between compacted and NC LV myocardium and thrombus located within the NC
LV myocardium are easily demarcated. Miani et al. [132] show a possible incre-
mental value of 3D speckle-tracking strain imaging in Danon disease; 3D strain
analysis could thus permit early recognition of cardiac involvement by detecting
concealed myocardial abnormalities related to fibrosis and guide decision making
around ICD implantation. In fact, in a young man followed because of being a car-
rier of LAMP2 mutation, despite apparently normal 2D and 3D conventional echo-
cardiography, 3D speckle-tracking imaging revealed impaired longitudinal strain of
the inferior wall basal segment, the same area presenting myocardial fibrosis at
contrast CMR.

There are few reports in the literature on CMR in Danon disease. Usually, severe
hypertrophy is associated with various pattern of LGE (from subendocardial, to
transmural, to subepicardial). Rest-perfusion deficits and poor LV function can also
be observed [133, 134].

Danon disease carries a poor prognosis, with uncommon survival beyond
25 years of age and the need to consider heart transplantation early [129, 135].
Echocardiography and CMR are also important in prognostic assessment, as they
identify a severe phenotype at a very young age and in close follow-up. Transition
from severe concentric hypertrophy with preserved LV systolic function to wall
thinning and severe systolic impairment may be observed. Within this frame-
work, echocardiography has a primary role in patient monitoring and treatment
choice [136].
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Fig.20.11 Echocardiogram from a 20-year-old man with PRKAG?2 gene cardiac syndrome. The
left ventricle is moderately hypertrophic (interventricular septum thickness 15 mm). Papillary
muscles are also thickened. Note the presence of pace maker (early implanted) in right chambers
(a). Parasternal long-axis view (a); apical four-chamber view (b)

The PRKAG2 gene encodes for an enzyme called adenosine monophosphate
(AMP)-activated protein kinase (AMPK). AMPK deficiency leads to extralyso-
somal glycogen storage disorder, which can express with isolated adult-onset HCM
or familial Wolff-Parkinson-White syndrome [129]. An association between HCM,
conduction abnormalities, and skeletal muscle glycogenosis are described [137].

Diagnosis requires molecular genetic analysis. Severe LV hypertrophy mimick-
ing HCM (Fig. 20.11, Clips 20.6 and 20.7), in association with electrophysiologic
abnormalities (including Wolff-Parkinson-White syndrome) and atrioventricular
block are the main features of the syndrome [138, 139]. In a population of 41
patients, LV hypertrophy was present in 32 (78 %) >18 years, with a mean of 21 mm
(median 18 mm, range 13—45 mm). The pattern of hypertrophy varied within fami-
lies, ranging between asymmetric septal hypertrophy, concentric hypertrophy, and
distal hypertrophy. RFP was present in 37 % of patients [138].

20.3.3 Mucopolysaccharidoses, Mucolipidoses,
Gangliosidoses, Sphingolipidoses

20.3.3.1 Mucopolysaccharidoses

Mucopolysaccharidoses are metabolic lysosomal storage disorders [92, 123] caused
by absent or defective activity of lysosomal enzymes involved in the catabolism of
complex carbohydrates (mucopolysaccharides or glycosaminoglycans). This
enzymatic deficiency limits the breakdown of mucopolysaccharides into simpler
molecules, leading to accumulation of partially degraded mucopolysaccharides
within the cells of different organs. Seven disease types and numerous subtypes are
described; all are inherited in an autosomic recessive manner and affect both sexes
equally.
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The clinical phenotype is highly variable. The disease usually becomes clinically
evident within the first decade of life and has a rapid progression, although milder
forms with later onset are described. Affected patients may have normal intellect or
may be severely retarded, with developmental delay and/or behavioral problems.
Other clinical features include coarse facies, bone abnormalities, macrocephaly and
hydrocephalus, upper airway complications (narrowed trachea, thickened vocal
cords, enlarged tongue), hypertrichosis, massive hepatosplenomegaly, progressive
skeletal dysplasia, short stature, progressive corneal clouding with visual impair-
ment, and hearing loss.

Cardiac involvement is common in all subtypes of mucopolysaccharidoses. The
most severe form is seen in type 1 (Hurler-Scheie syndrome) [140]. Prominent val-
vular thickening, diffuse coronary artery disease, myocardial hypertrophy, and sec-
ondary pulmonary hypertension are common. In patients with cardiac involvement,
SD due to arrhythmias and/or coronary artery disease may occur [141]. In the later
stages of the disease, valvular defects (mitral and/or aortic valve stenosis or insuf-
ficiency) may become hemodynamically important [141], and cases of successful
treatment with valve replacement are described [142]. Severe forms of endomyocar-
dial fibroelastosis are also described [140]. LV hypertrophy at ECG is uncommon;
low QRS voltages may be due to poor conductance of mucopolysaccharides.

Diagnosis is made through clinical examination, mucopolysaccharides levels in
urine, and various enzyme assays. Prognosis is usually poor; death occurs early and
usually due to cardiorespiratory complications or end-stage neurodegenerative
disorders.

20.3.3.2 Mucolipidoses

Mucolipidoses are a group of inherited inborn errors of metabolism characterized
by deficiency in lysosomal enzymes involved in degradation of lipids and carbohy-
drates, with consequent accumulation of these molecules within cells; the pattern of
inheritance is autosomal recessive. Clinical features and cardiovascular involve-
ment are similar to those observed in mucopolysaccharidoses. Aortic and mitral
valve (MV) prolapse may coexist. Moreover, cases of DCM, HCM, endocardial
fibroelastosis, and accumulation of foam cells in the myocardium are described
[143].

20.3.3.3 Gangliosidoses

Gangliosidoses are a group of autosomal-recessive metabolic disorders character-
ized by accumulation of gangliosides within cells. Clinical features are similar to
those observed in mucopolysaccharidoses. Cardiac involvement is common and
includes HCM, DCM, endocardial fibroelastosis, conduction delay, and valves
defects.

20.3.3.4 Sphingolipidoses

Sphingolipidoses are another group of storage diseases inherited by an autosomal-
recessive modality and characterized by lysosomal accumulation of sphingolipids.
Gaucher disease is caused by a deficiency in beta-glucocerebrosidase and
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Niemann-Pick disease by a deficiency in acid sphingomyelinase [92]. In both
diseases, cardiac involvement is rare and is characterized by a variety of reported
abnormalities, such as myocardial involvement with hypertrophic, restrictive, or
dilated phenotypes; valvular fibrosis and calcifications with possible regurgitation
and/or stenosis; pericardial calcification; effusion and sometimes constriction; and
aortic calcifications. Cardiac consequences of pulmonary hypertension with cor
pulmonale are also reported [92, 123].

20.3.4 Hemochromatosis

Hemochromatosis is an iron-overload disorder characterized by excessive accumu-
lation of iron within the cells of multiple organs. It may result from a genetic defect
(hereditary hemochromatosis; HFE gene) with an autosomal-recessive inheritance
pattern, or it can be secondary to other causes (chronic blood transfusions). From
the clinical point of view, hemochromatosis is characterized by liver cirrhosis, dia-
betes mellitus, hypogonadotropic hypogonadism, and arthritis. Heart involvement is
most frequently characterized by HF with LV systolic dysfunction [144]. ECG usu-
ally shows normal QRS complexes, even if, in advanced forms, voltages can be
reduced and repolarization abnormalities can become evident. Cessation of blood
transfusions, phlebotomy, and chelation therapy proved effective in reversing car-
diac abnormalities. Some patients may require combined liver and heart transplan-
tation [145].

Diastolic dysfunction is the predominant early finding both in patients with pri-
mary hemochromatosis [146] and secondary iron overload [147]. Elevation in the
peak transmitral early-filling velocity (E wave), increased E deceleration time, and
increased LA size are consistently abnormal diastolic parameters [148]. Iron-
overload CMP, regardless of origin, is characterized by RCM, which invariably pro-
gresses to an end-stage DCM that is often not distinguishable from idiopathic DCM
[67, 149].

CMR is the best noninvasive imaging technique for identifying iron-overload
CMP. Assessing cardiac and hepatic involvement in hemochromatosis using T2* is
a very useful diagnostic tool [150]. T2* is a measure of magnetic relaxation and is
typically shortened when particulate hemosiderin storage iron disturbs the magnetic
microenvironment. Myocardial T2* correlates well with cardiac iron concentration
measured from biopsy specimens, in contrast to liver iron concentration and serum
ferritin. In patients with myocardial iron overload, T2* values are typically <20 ms,
with a range of clinical interest between 5 and 20 ms. Moreover, declining myocar-
dial T2* is associated with increasing risk of LV dysfunction and increasing likeli-
hood of cardiac events in transfusion-dependent thalassanemia [150, 151].
Myocardial T2* <10 ms significantly increases HF risk within the first year, and the
risk rises steeply with further reduction in T2* [152].

Myocardial iron load evaluation is also possible with dual-energy cardiac CT. In
particular, Hounsfield unit values of septal muscle correlate strongly with T2* val-
ues at CMR [153]. The diagnostic capabilities of these imaging techniques in
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hemochromatosis have important consequences in patient management. In fact,
echocardiography has a limited value in screening patients for myocardial iron
deposition, whereas CMR has the potential to identify the presence of iron in the
heart and quantify myocardial iron load [154]. In patients with myocardial iron
overload, T2* can diagnose the disease early and guide the physician toward ade-
quate treatment [153, 155]. Recognition and intervention in an early stage of the
disease is important because chelation therapy may delay or prevent the occurrence
of iron-overload DCM [154].

20.3.5 Wilson Disease

Wilson disease is a rare autosomal-recessive disorder characterized by multiorgan
copper accumulation. The disease particularly affects the liver and central nervous
system. Cardiac involvement is uncommon; nevertheless, cardiac hypertrophy and
increased cardiac copper concentration are described [156]. Cardiologic manifesta-
tions of the disease are HCM, DCM, arrhythmias (AF, sinoatrial block, atrioven-
tricular blocks), and autonomic dysfunction.

20.3.6 Friedreich Ataxia

Friedreich ataxia is an autosomal recessive neurodegenerative disease caused by a
mutation in the frataxin gene on chromosome 9 [157]. Frataxin deficiency results in
abnormal accumulation of intramitochondrial iron, defective mitochondrial respira-
tion, and overproduction of oxygen free radicals, with evidence of oxidant-induced
intracellular damage. Mean age at onset is 10-15 years. Patients present with pro-
gressive ataxia, dysarthria, muscle weakness, and optic nerve atrophy. Patients usu-
ally become wheelchair-dependent around 20-25 years of age.

Cardiac involvement is frequent (>90 % in neurologically symptomatic patients)
and usually becomes clinically evident 4-5 years after disease onset. The disease is
characterized by LV hypertrophy, usually concentric and without LV OT [158].
Sometimes, evolution toward DCM may be seen. Cardiac symptoms include
arrhythmias (ventricular tachycardia) and HF, which may be severe. However, non-
cardiac dyspnea secondary to severe scoliosis and neuromuscular impairment of
respiratory muscles is usually associated. QRS voltage at ECG may not correspond
to the extent of LV hypertrophy present at imaging, probably because of extensive
myocardial fibrosis. Prognosis and quality of life are poor; the average time from
symptom onset to death is 36 years; therapy thus far is supportive only [159].

Concentric LV hypertrophy is the most commonly reported echocardiographic
finding [160] (Fig. 20.12, Clips 20.8, 20.9, and 20.10). Different patterns of LV
hypertrophy, unrelated to disease duration, are described [161]. All ventricular
structures, including papillary muscles, may be thickened, but asymmetric septal
hypertrophy and LV OT obstruction are rare [161, 162]. LV diastolic relaxation is
reduced, but LV cavity size and EF are usually normal [160, 162]. The prognosis is
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Fig.20.12 Echocardiogram from a 31-year-old man with Friedreich ataxia with cardiac involve-
ment. Normal chamber dimension; left ventricle is moderately hypertrophic (interventricular sep-
tum 16 mm). Parasternal long-axis view (a); parasternal short-axis view (b); apical four-chamber
view (c¢)

particularly poor, with progressive cardiac deterioration when a DCM pattern is
involved [161]. Valvular insufficiency, if present, is usually mild.

20.3.7 Cardiac Oxalosis

Primary hyperoxaluria is a rare autosomal recessive disease caused by a mutation in
genes encoding for hepatic enzymes involved in glyoxylate metabolism (AGXT
gene in type 1 and GRHPR gene in type 2). As a result, substrate glyoxylate accu-
mulates and is converted to oxalate, which forms insoluble calcium oxalate salts
that accumulate in renal and extrarenal tissues. Primary hyperoxaluria type 1 has an
incidence of 1:100,000 live births in Europe; type 2 is rarer. The higher prevalence
is observed in specific populations, especially if a high rate of consanguinity is pres-
ent [163].

Clinical presentation and onset are variable. The severe infantile form is charac-
terized by failure to thrive, nephrocalcinosis, and early end-stage renal failure.
Forms with later onset are usually less severe in presentation (from recurrent uroli-
thiasis with nephrocalcinosis and progressive renal failure during adolescence to
occasional renal stones in adulthood). Other manifestations include urinary tract
infections, dysuria and hematuria, vascular calcification with distal gangrene, visual
defects with brown-colored retinal deposits, skin nodules, and joint and bone
involvement leading to fractures in long-term dialysis-dependent patients. Diagnosis
relies on measuring levels of urine oxalate. Confirmation is made by measuring
specific enzymatic activity at liver biopsy and/or from molecular genetic testing.

Cardiac involvement is described in both types of primary hyperoxaluria and
is characterized by myocardial hypertrophy and severe diastolic dysfunction
[164]. HF may be severe and can be associated with conduction abnormali-
ties secondary to extensive conduction-tissue infiltration by calcium oxalate
[164-167]. Associated severe mitral regurgitation (MR) necessitating MV repair
is described [166]. Treatment (hemodialysis, combined liver and kidney
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transplantation) demonstrates inconsistent effects on cardiac symptoms and
echocardiographic features [166, 167].

Biventricular diffuse hypertrophy is the echocardiographic pattern usually
observed in primary oxalosis with cardiac involvement [168]. EF may be normal in
the early stage of this disease, but mild to moderate biventricular dilation and dys-
function are observed in advanced cases [168]. The myocardium can be character-
ized by patchy, echo-dense, speckled reflection most prominent in the papillary
muscles [166, 168]. Diastolic dysfunction with signs of elevated filling pressures
and RFP is common [164, 165, 168].

20.3.8 Mitochondrial Diseases

Mitochondrial diseases comprise several disorders secondary to dysfunction in
oxidative phosphorylation. They can be included among the group of metabolic
CMP [123]. Their causes are genetic defects, which are localized either in nuclear
or mitochondrial DNA (matrilinear hereditary transmission; Chap. 2). Mitochondrial
diseases are characterized by high clinical heterogeneity ranging from oligosymp-
tomatic states to complex syndromes [169]. Furthermore, identical DNA mutations
may produce different diseases, and different mutations can lead to undistinguish-
able clinical syndromes. Cardiac involvement can present with HCM, DCM pheno-
types, or rarer forms of CMP (LV NC, restrictive, histiocytoid) or arrhythmias
(ventricular pre-excitation, conduction diseases). The most frequent morphologic
pattern is the association of LV hypertrophy and systolic dysfunction, mimicking
HCM with hypokinetic end-stage evolution [170, 171]. Pathogenetic mechanisms
are still poorly understood, but a marked induction of mitochondrial biogenesis is
recognized as a prominent feature of end-stage mitochondrial DNA (mtDNA)-
related CMP [172]. Proliferation of intermyofibrillar mitochondria, which can rep-
resent a biological response to deficient oxidative phosphorylation, can have a
detrimental effect on cardiac muscle, interfering with sarcomeric function and con-
tributing to adverse cardiac remodeling [169, 172]. Bioptic and pathological studies
revealed cardiomyocyte enlargement with lipid vacuoles, interstitial fibrosis, and
proliferation of polymorphic mitochondria at ultrastructural analysis. Typical extra-
cardiac manifestations involve skeletal myopathy, neurological disorders, and oph-
thalmologic, gastroenterologic, and endocrine features [169]. Cardiac involvement
in these diseases is usually an important predictor of morbidity and mortality.
Specific therapies are not yet available.

In mitochondrial CMP, reported echocardiographic abnormalities include ven-
tricular hypertrophy, dilatation, and systolic dysfunction [170]. In a study of 101
children with mitochondrial disease, 20 % of patients had CMP diagnosed by echo-
Doppler investigations, all characterized by hypertrophic, nonobstructive pheno-
type [171]. In the majority of patients with hypertrophy, both the LV posterior wall
and IVS in diastole are increased. The majority of patients with CMP had normal
LV inner diameter in diastole and fractional shortening at the time of diagnosis
[171]. In the late stage of disease, the LV is dilated and poorly contracting, and the
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diagnosis can be confused with DCM. At this stage, hypertrophy of the myocardium
in terms of increased wall thickness is diminished in a dilated ventricle, whereas
hypertrophy in terms of LV mass is preserved or even exaggerated [171]. Thus, the
typical echocardiographic pattern of mitochondrial CMP can mimic HCM with
hypokinetic end-stage evolution (Table 20.1).
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21.1 Introduction

The nonspecific nature of the term cardiomyopathy (CMP) allows a number of
diseases directly or indirectly affecting myocardial function to be included under
this heading. In fact, in the classification of CMP, some myocardial diseases cannot
properly be defined: dilated (DCM), hypertrophic (HCM), right arrhythmogenic
(ARVC), restrictive (RCM), and infiltrative/storage CMP. These myocardial
diseases are generally defined unclassified or other CMP. They are not extremely
rare in clinical practice and are characterized by pathophysiologic processes that are
not completely understood. Therefore, their management represents a challenge for
clinical cardiologists. Interestingly, some of these CMP are characterized by partial
to complete reversibility when etiologic factors are removed (reversible CMP) [1].
Finally, a peculiar form of CMP is left ventricular noncompaction (LV NC), with
typical clinical-instrumental characteristics that are not yet widely known.

21.2 Peripartum Cardiomyopathy

The definition of peripartum CMP was first established according to the following

four criteria adapted from the study by Demakis et al. [2]:

* Development of heart failure (HF) in the last month of pregnancy or within 5
months of delivery

* Absence of an identifiable cause for HF other than pregnancy

e Absence of recognizable heart disease before the last month of pregnancy
(requiring imaging data)

e Left ventricular systolic dysfunction demonstrated by classic echocardiographic
criteria, such as depressed shortening fraction or ejection fraction in the last
month of pregnancy or within 5 months of delivery [3]

Peripartum CMP remains an exclusion diagnosis (all other causes of HF must be
ruled out), and it seems to be linked with several risk factors, such as one or more
prior pregnancies, multifetal pregnancy, older maternal age, and high blood pressure
[4]. Many etiological processes occurring during pregnancy have been suggested as
being causative, such as viral myocarditis, coronary artery spasm, small-vessel dis-
ease, abnormal immune response to pregnancy, and excessive prolactin excretion [4].

Common echocardiographic findings of peripartum CMP include globally decreased
LV systolic function and LV enlargement, usually without LV hypertrophy (Clips
21.1a, 21.1b, 21.1c, and 21.1d). The primary echocardiographic diagnostic criteria are
LV systolic dysfunction [LV ejection fraction (EF) <0.45 and/or M-mode fractional
shortening <30 %) and LV dilatation (LV end-diastolic diameter >2.7 cm/m?) between
the last month of pregnancy and the first 5 months postpartum in the absence of other
known causes of systolic HF [3]. Additionally, LV thrombus is not rare in patients with
LV EF <35 % [5]. Peripartum CMP is frequently associated with preeclampsia (22 %
vs 35 % in the general population) [6]. In this context marked LV hypertrophy can be
exceptionally observed (Fig. 21.1, Clips 21.2a, 21.2b, 21.2¢, 21.2d, 21.2¢, 21.2f, 21 .2g,
21.2h, and 21.2i), which is usually reversible, such as impaired LV contractility.
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Fig.21.1 (a, b) Echocardiographic study in a 42-year-old woman with peripartum cardiomyopa-
thy associated with preeclampsia. Parasternal long-axis view (a), diastolic frame, of the first
echocardiogram postdelivery documenting severe left ventricular (LV) hypertrophy (septal wall
thickness 17 mm, posterior wall thickness 14 mm), with diffuse hypokinesis and severe systolic
dysfunction [fractional shortening 15 %, ejection fraction (EF) 32 %]. After 6 months of therapy
with beta-blocker and angiotensin-converting-enzyme inhibitor, echocardiography in the
parasternal long-axis view, diastolic frame (b) shows normal LV wall thickness (septal wall
thickness 9 mm, posterior wall thickness 9 mm), with normal regional wall motion and systolic
function (fractional shortening 39 %, EF 64 %)

There are few data about the use of advanced echocardiographic technologies in
this disease. A similar counterclockwise rotation during systole of both the base
and the apex at speckle-tracking analysis was reported in one case of peripartum
CMP associated with LV NC [7]. This subtle deformation abnormality has been
interpreted as secondary to dysfunction of basal and midwall subepicardial fibers,
with resultant predominant effect exerted by the subendocardial fibers in this
region. These abnormalities were reversible after optimal medical therapy.
However, further investigation is required.

Studies on cardiac magnetic resonance (CMR) in the acute phases of peripartum
CMP show the presence of edema at T2 sequences and on early gadolinium
enhancement, suggesting an inflammatory etiology for this condition. In addition,
late gadolinium enhancement (LGE) seems to identify cases with unfavorable
prognosis [8, 9].

Although peripartum CMP shares many features with other forms of nonisch-
emic CMP, women affected by this disease have a higher rate of spontaneous
recovery of LV function [5]. Monitoring patients after diagnosis should include
serial echocardiograms to identify improvement in systolic function in response to
conventional HF medical treatment. Less severely impaired LV EF and lower LV
dimensions at the time of diagnosis are predictors of complete LV function recovery
and good outcome [10].

Previous studies assessed prognostic implications of LV contractile reserve at
initial diagnosis and demonstrated that improved LV EF during dobutamine stress
echocardiography accurately correlates with subsequent recovery of LV function
and confers a benign prognosis to this CMP [11].
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The existing literature indicates that many patients with peripartum CMP
actually have myocarditis. The diagnosis of myocarditis is more suspicious in the
presence of progressive worsening of LV dilation and systolic dysfunction at serial
echocardiographic evaluations. In these cases, endomyocardial biopsy (EMB) can
be useful to modify therapeutic strategies.

Finally, one important question asked by women with a history of this disease is
whether they can safely get pregnant again. For women with persistently reduced
LV EF, there is a substantial risk of recurrent HF. On the other hand, for women who
recover, the risk is much lower and can be further stratified by a stress echocardio-
gram: in the presence of normal contractile reserve, the risk of recurrent disease or
HF seems to be low [4].

21.3 Tako-Tsubo Cardiomyopathy

Tako-tsubo, or stress-induced CMP, is an acute, usually reversible, disorder of the
heart characterized by transient LV dysfunction [12-15]. Clinical presentation is
usually similar to an acute coronary syndrome, with precordial pain and dyspnea.
Other symptoms may include palpitations, syncope, or even cardiac arrest or sudden
death (SD). A trigger, such as a stressful physical or psychological event, can usu-
ally be detected in 27-100 % of cases. Many diagnostic criteria have been formu-
lated, but the most widely accepted are those of the Mayo Clinic in the United States
[13], which require normality of the epicardial coronary arteries. Tako-tsubo syn-
drome may be confused with stress syndrome caused by underlying pheochromocy-
toma, and attention should be paid to this clinically important differential diagnosis.
The etiology and pathogenesis are presently unknown. One possibility is stress-
induced catecholamine release, producing cardiac stunning through direct toxic
damage to myocytes and/or vasoconstriction with ischemia [16]. The apical region
is the most vulnerable area, probably due to the large number of adrenergic recep-
tors [14]. Treatment is symptomatic and is determined by the complications occur-
ring during the acute phase. Complications are estimated to occur in 19 % of cases,
mortality varies between 0 and 12 % [15], and recurrence is rare.
Echocardiography plays a major role in achieving this diagnosis. In fact, the
most salient feature of this disease is the unusual LV contractile pattern noted at the
time of admission. Typically, it is characterized by a transient hypokinesis, akinesis,
or dyskinesis of the LV apical and mid segments, usually with compensatory hyper-
kinesia of the basal portions (Fig. 21.2, Clip 21.3a) [17]. Moreover, regional wall
motion abnormalities (WMA) extend beyond a single epicardial vascular distribu-
tion [18]. Global contractile LV function is usually significantly impaired. The time
course for cardiac function improvement is variable, from a few days to several
weeks; however, LV function typically recovers completely (Fig. 21.2, Clip 21.3b).
Atypical forms of stress-induced CMP have been increasingly reported. Transient
midventricular ballooning with preserved basal and apical contractility (inverted
tako-tsubo CMP) has been described [19]. Additionally, LV apical thrombosis may
occur during the early stage of the disease due to transient apical akinesis and
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Fig.21.2 (a—c) A 79-year-old woman with tako-tsubo-like cardiomyopathy. Echocardiography at
the time of admission shows left ventricular (LV) apical akinesis, hypokinesis of the mid segments
with compensatory hyperkinesis of the basal portions, and moderate systolic dysfunction (a) in the
apical four chamber view, systolic frame. Apical long-axis view (b) recorded with color-Doppler
imaging demonstrates marked turbulence in the LV outflow tract (OT), consistent with dynamic
LV OT obstruction in the presence of a sigmoid interventricular septum. An echocardiogram per-
formed 4 months later shows complete recovery of LV wall motion and systolic function (c) in the
apical long-axis view, systolic frame

aneurysm formation [20]. The use of contrast agents can be particularly helpful to
highlight apical thrombosis and if there is a difficult acoustic window.

Dynamic LV outflow tract (OT) obstruction is a relatively common complication
of stress-induced CMP, with a reported incidence of >10 % (Fig. 21.2, Clip 21.3¢c)
[21]. There are probably some predisposing factors to LV OT obstruction, i.e., sig-
moid interventricular septum or a small LV or LV OT; more importantly, this com-
plication is frequently precipitated by certain conditions, such as hypovolemia,
ionotropic drugs, and counterpulsation.

Stress-induced CMP is also frequently complicated by acute mitral regurgitation
(MR). Systolic anterior motion (SAM) of the mitral valve (MV) is typically associ-
ated with LV OT gradient and accounts for one half of acute MR. MV tethering with
increased valve tenting area the in presence of LV systolic dysfunction and LV
enlargement has been proposed as an alternative mechanism responsible for MR in
this disease [22].

Right ventricular (RV) involvement and dysfunction is relatively common and is
associated with lower LV EF [23]. Conversely, ventricular rupture is an extremely
rare life-threatening complication of stress-induced CMP. There are a few cases
reported in literature, principally in elderly female patients [24].

Myocardial viability and contractile reserve could be evaluated with low-dose
dobutamine stress echocardiography in suspected stress-induced CMP. However,
particular caution must be taken considering that increasing doses of dobutamine can
worsen LV OT gradient. Furthermore, the possible occurrence of tako-tsubo CMP as
a complication of dobutamine stress echocardiography has been reported [25].

Finally, if transthoracic echocardiography (TTE) is limited by poor acoustic win-
dows, transesophageal echocardiography (TEE) can provide clearer image quality
and allows careful evaluation of MV anatomy and full definition of the MR [17].

Advanced echocardiographic techniques could be useful in diagnosis and
prognostic stratification of tako-tsubo CMP. Both 2D and 3D imaging allows rec-
ognition of the contractile pattern, mainly when the apex is involved; 3D imaging
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may allow better visualization of contracting and noncontracting segments when
medial segments are involved. Myocardial contrast echocardiography seems to be
a useful tool by which to clarify the mechanisms involved the myocardial injury
and to distinguish stress-induced CMP from acute coronary syndrome. In one
study, myocardial perfusion was relatively preserved in patients with tako-tsubo
CMP compared with those with myocardial infarction. The authors of that study
concluded that myocardial contrast echocardiography had a high sensitivity,
specificity, and positive and negative predictive values for detecting stress-
induced CMP (91, 86.2, 83, and 93 %, respectively) [26]. In addition, transient
impairment of coronary flow reserve, assessed by Doppler coronary flow analysis
during dipyridamole test, has also been reported in this disease [27]. Finally, at
2D strain by speckle-tracking analysis, a progressive decrease of longitudinal
strain values from base to apex was reported in patients with classical stress-
induced CMP [17].

CMR in this CMP exhibits the characteristic finding of transmural high T2 signal
in the midanterior wall and apical segments, matching the distribution of WMA [28,
29]. This abnormality can persist after 3 months from the acute event although is
substantially decreased compared with the acute phase [30]. Myocardial inflamma-
tion may also be found at global relative enhancement and quantitative T1 mapping
sequences [31, 32].

Patients with tako-tsubo CMP usually do not exhibit hypoenhancement at first-
pass perfusion [33], or by LGE [34, 35], thus helping differentiate this condition
from acute myocardial infarction with spontaneous coronary recanalization or acute
myocarditis [35]. When LGE is found, it is focal or patchy and has decreased signal
intensity compared with ischemic LGE [36, 37]. This finding is usually indicative
of a more severe acute condition, which tends to resolve within 6 months [38].

CMR data from a large multicenter registry of patients with tako-tsubo CMP
revealed four distinct patterns of regional ventricular ballooning [36]:

* Apical (82 %)

¢ Biventricular (34 %)

e Midventricular (17 %)
e Basal (1 %)

Single-photon-emission CT (SPECT) findings include reduced apical perfusion
assessed with technetium-99 m (*"Tc)-tetrofosmin in the acute phase, which
recedes during follow-up [39—41]. Severely impaired myocardial fatty-acid metabo-
lism assessed with '*I-beta-methyl-p-iodophenyl pentadecanoic acid (*>*I-BMIPP)
[42-44], and apical sympathetic dysinnervation in the acute phase assessed by
1Z3]-metaiodobenzylguanidine (MIBG) uptake [43, 45-47] were also found, mis-
matched from perfusion defects.

Positron emission tomography (PET) studies also report perfusion/metabolism
mismatch involving the apical akinetic area assessed by ['*F]-fluorodeoxyglucose
(FDG) and ["*N]-ammonia or by thallium-201 radiochemical thallium chloride
(®'T1) SPECT [48-50]. Glucose metabolism assessed by ['®F]-FDG PET and sym-
pathetic function assessed by ['*I]-MIBG SPECT seem to be strictly correlated in
affected segments [46].
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In tako-tsubo CMP, LV apical WMA is typically transient and resolves over a
period of days to weeks. Therefore, follow-up echocardiographic reevaluation is
essential to monitor its resolution and recovery of LV systolic function. The prog-
nosis is generally favorable; reported in-hospital mortality rates range from 0 to 8 %
[18]. As it is difficult to predict subsequent occurrence of complications immedi-
ately after the onset of the disease, serial echocardiographic evaluations should be
performed during the in-hospital period. There is no established consensus on how
to manage stress- induced CMP, but early detection of complications, such as the
occurrence of LV OT gradient or apical thrombosis, can protect against a poor out-
come and may lead to some changes in therapeutic strategies.

In this disease, RV involvement is relatively common, and RV dysfunction is
associated with lower LV EF, longer hospitalization, more complications, such as
severe HF, and need for intra-aortic balloon pump and cardiopulmonary resuscita-
tion [23]. LV EF at admission is one of the independent predictors of mortality [51].
Moreover, absence of LV function recovery within 1 week was an independent fac-
tor associated with mortality [52]. Other prognostic indicators of worse outcome are
intraventricular thrombus formation and LV OT gradient occurrence [17].
Recurrence of stress-induced CMP occurs in approximately 10 % of patients [53]
and is unpredictable from imaging data at first manifestation.

21.4 Tachycardia-Induced Cardiomyopathy

Tachycardia-induced CMP (TIC) is a frequent cause of reversible HF secondary to
persistent supraventricular or ventricular arrhythmias and in the absence of pre-
existing structural heart disease [54]. Early diagnosis is crucial for prompt re-
establishment of sinus rhythm and normal heart rate, with consequent improvement
or even normalization of myocardial function. The pathogenesis is still controver-
sial: Elevated heart rate causes structural alterations of myocytes, mitochondrial
abnormalities, oxidative stress, and loss of contractile tissue due to necrosis or
apoptosis. Moreover, tachycardia reduces myocardial perfusion, leading to myocar-
dial stunning, interstitial fibrosis, and neurohumoral variations with elevations in
natriuretic peptide, endothelin, catecholamines, and the renin-angiotensin-
aldosterone system (RAAS).

Strict clinical and echocardiographic follow-up is very important in order to rec-
ognize relapses, which tend to be more severe and life threatening. Furthermore,
due to the fact that LV remodeling can occur despite EF and heart rate normaliza-
tion, long-term treatment with beta-blockers and angiotensin-converting enzyme
(ACE) inhibitors is recommended.

In TIC, imaging techniques are essential to exclude other causes of ventricular
dysfunction and to assess its reversibility after normalization of atrial or ventricular
rate; echocardiography, being widely available and inexpensive, is the cornerstone
in establishing the presence of LV dysfunction and narrowing the list of differential
diagnoses. LV systolic dysfunction is the typical model of presentation. However,
other aspects can sustain the diagnostic hypothesis. Usually, myocardial thickness



256 M. Merlo et al.

Fig.21.3 (a-d) Echocardiographic study in a 32-year-old patient with atrial fibrillation (AF) and
tachycardia-induced cardiomyopathy. Echocardiogram shows mild left ventricular (LV) dilation
[end-diastolic diameter corrected for body surface area (BSA) 32 mm/mq), with normal wall thick-
ness, diffuse hypo-akinesis, and severe systolic dysfunction [ejection fraction (EF) 22 %] in the
parasternal long-axis (a) and apical four-chamber views (b), systolic frames. The echocardiogram
performed 5 months after successful radiofrequency catheter ablation of AF shows normal LV
dimensions (end-diastolic diameter corrected for BSA 26 mm/mq), wall motion, and systolic func-
tion (EF 60 %) in the parasternal long-axis (c¢) and apical four-chamber (d) views, systolic frames

is preserved, indicating the absence of scar tissue. Moreover, some studies suggest
that the absence of severe LV dilation may support the diagnosis of TIC rather than
DCM accompanied by supraventricular tachycardia (Fig. 21.3, Clips 21.4a, 21.4b,
21.4c, and 21.4d) [55, 56]. In fact, Jeong et al. [55] reported that LV end-diastolic
dimension <61 mm could predict TIC with a sensitivity of 100 % and a specificity
of 71 % in patients with HF and tachyarrhythmia.

LV diastolic dysfunction should be considered a component of TIC and is indeed
sometimes the first expression of the disease [57]. However, it is particularly diffi-
cult to assess at Doppler in the presence of tachyarrhythmias. Contractile reserve at
low-dose dobutamine stress echocardiography has been reported as a predictor of
LV function recovery after catheter ablation of AF in TIC [58].

TEE can provide better image quality in patients with a poor acoustic window.
Moreover, it is essential to identify left atrial appendage clots when restoring sinus
rhythm is the chosen treatment. Finally, TEE and intracardiac echocardiography
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may be helpful during catheter ablation of arrhythmias, even without fluoroscopy
[59]. There are a few data regarding the application of new and advanced echocar-
diographic technologies in the setting of TIC. Alterations in LV torsion have been
reported in an experimental model [60]. Strain and strain-rate imaging can provide
detailed regional and global LA functional assessment [61]. In patients who have
undergone catheter ablation for atrial fibrillation, LA strain and strain rate during
atrial filling (parameters of LA reservoir function) are known to be better predictors
of sinus rthythm maintenance [62]. Real-time 3D TEE has been demonstrated to be
feasible during ablation procedures, allowing fluoroscopy-free navigation and pre-
cise anatomical delineation of atrial structure [63]. CMR with LGE may differenti-
ate TIC, which seldom shows LGE from primary CMP, in which LGE is frequent
[64]. Myocardial glucose metabolism assessed by ['*F]-FDG PET was found to be
impaired in TIC [65].

The improvement of LV function after normalization of the heart rate is a hall-
mark of TIC. Therefore, multiple evaluations are necessary to identify changes in
LV EF. Echocardiography is probably the most feasible and less expensive tech-
nique allowing close follow-up of these patients. The time course of improvement
in biventricular systolic function has not been fully established; generally it can be
observed soon after heart rate normalization [66]. If LV systolic dysfunction does
not improve, other causes of impaired LV function must be reconsidered, justifying
an “impure” form of TIC (possible association with dilated CMP, myocarditis, or
ischemic heart disease).

It should be noted that patients with a history of successfully treated TIC are
susceptible to a more severe CMP if the offending tachyarrhythmia recurs [67]. For
this reason, patients should be periodically evaluated after complete LV function
restoration.

21.5 Myocarditis

Myocarditis is an inflammatory disease of the myocardium and is diagnosed by
established histological [68] (Fig. 21.4), immunological, and immunohistochemical
criteria [69]. Most cases of myocarditis observed in clinical practice in the Western
world are ascribable to viral infections and to the related reaction of the immune
system. On the other hand, myocarditis can also be triggered by many specific
causes, such as bacterial or parasitic infections, autoimmune diseases, hypersensi-
tivity processes, hypercatecholaminergic states, drugs, toxic substances, and physi-
cal agents [69]. Clinical presentation of myocarditis is polymorphic, ranging from
subclinical or benign forms to major clinical syndromes, such as severe HF or life-
threatening ventricular arrhythmias. However, for simplification purposes, it can be
categorized into three main patterns according to disease onset: HF, arrhythmias
(hypokinetic or hyperkinetic, supraventricular or ventricular), and chest pain [70].
Moreover, myocarditis is characterized by great variability in its natural history
evolution, ranging from resolution, to relapse, to development of DCM, or to
unexpected SD. Patients presenting with chest pain and preserved LV function are
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Fig.21.4 Endomyocardial
biopsy, histologic pattern, in
a case of myocarditis
(hematoxylin and eosin x40).
Severe lymphocytic infiltrates
are present and are associated
with “fraying” of myocytes
(Dallas criteria)

projected through a favorable natural history, whereas those presenting with HF and
significant LV dysfunction are generally characterized by a worse prognosis. On the
other hand, it is important to emphasize that spontaneous (or therapeutically
induced) improvement of ventricular function within a few months of symptom
onset is described for 40-50 % of patients and identifies a subgroup with a fair long-
term prognosis [70]. Advanced analysis of myocardial tissue samples collected with
endomyocardial biopsy is thus far the only way to diagnose the disease definitively
and to guide eventual treatment using immunomodulating drugs.

In clinical practice, myocarditis and pericarditis may coexist. This clinical con-
dition is known as perimyocarditis (or myopericarditis) [71]. A precise definition
of perimyocarditis is still lacking. Consequently, the true incidence and prevalence
of this disease remain unknown. The diagnosis is usually based on the combination
of chest pain, pericardial rubs, increased inflammation indexes, electrocardio-
graphic (ECG) and echocardiographic abnormalities (most frequently, pericardial
effusion), with troponin release [71]. Clinical presentation is variable and may
affect any or all cardiac chambers. Usually, chest pain is the main symptom and is
associated with concomitant or recent flu-like syndrome, whereas ventricular/
supraventricular arrhythmias and HF with LV dysfunction are rarely observed.
Natural history is excellent (survival rate 100 %) during long-term follow-up,
regardless of specific etiology and the presence of myocardial involvement (tropo-
nin release and WMA at echocardiography) at admission; relapses are relatively
infrequent (<10 %) [72].

Typically, patients with myocarditis who present with recent onset of HF dem-
onstrate at echocardiographic study a global impairment of ventricular function
without significant remodeling of ventricular chambers, which often maintain a
normal or augmented wall thickness and an ellipsoidal shape. Moreover, patchy
WMA not corresponding to coronary distribution or ECG changes are often
observed (Fig. 21.5, Clips 21.5a and 21.5b) [73, 74]. Additional elements, such as
the presence of pericardial effusion, diastolic dysfunction, transient pseudohyper-
trophy of the ventricular wall, intraventricular thrombi [sometimes multiple and
mobile (Fig. 21.6, Clips 21.6a, 21.6b, and 21.6¢c)] and alteration of the
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Fig. 21.5 (a-d) Echocardiographic study in a 33-year-old patient with myocarditis and severe
heart failure. Parasternal long-axis view (a) and M-mode (b) show severe left ventricular (LV)
dilation (end-diastolic diameter corrected for body surface area 39 mm/m?), normal wall thickness,
and severe systolic dysfunction (fractional shortening 12 %, ejection fraction 15 %). M-mode
recorded at the level of the mitral valve (c¢) shows a B bump (arrow), a sign of elevated LV diastolic
pressure. Color-Doppler imaging reveals severe functional mitral regurgitation (d)

Fig. 21.6 (a—c) Echocardiogram in a patient with acute myocarditis and severe left ventricular
(LV) dysfunction showing multiple pedunculated and mobile thrombi in the LV cavity. Apical
four-chamber view (a) demonstrating thrombus in the LV attached to the anterior mitral annulus.
Apical long-axis view (b) showing another pedunculated mobile thrombus attached to the septal
apex. Parasternal short-axis view (c) in which the apical thrombus is clearly visible

echocardiographic myocardial texture, may further strengthen, if correctly contex-
tualized, the suspicion of myocarditis [73, 75-77]. On the other hand, patients who
present with arrhythmias or chest pain and those with perimyocarditis usually
exhibit ventricular chambers characterized by normal dimensions, regional wall
motion, and global function, even if WMA or transient mild ventricular dysfunction
may be observed [72, 78]. In such cases, careful re-evaluation of those
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Fig. 21.7 (a, b) Cardiac magnetic resonance study in acute myocarditis. Midventricular short-
axis T2-weighed image (a) showing multiple foci of myocardial edema (arrows). Midventricular
short-axis T1-weighted image after gadolinium contrast administration (b) showing late gadolin-
ium enhancement (transmural or subepicardial) in regions corresponding to hyperintensity seen at
T2 imaging (arrows)

abnormalities with a short-term follow-up is recommended in order to track disease
evolution and promptly recognize potentially extensive myocardial involvement.

Recent studies show that LV strain and strain rate may be promising diagnostic
parameters in acute myocarditis, even in the presence of normal standard indices,
such as LV EF and wall motion. Di Bella et al. [79] demonstrated that strain Doppler
echocardiography could detect longitudinal segmental myocardial dysfunction sub-
sequent to myocardial edema in the acute phase of myocarditis.

Further studies using 2D speckle-tracking strain imaging demonstrate that,
among all deformation parameters, longitudinal strain appears to be the most pow-
erful index for diagnostic purposes [80, 81]. Furthermore, Escher et al. [82] demon-
strated reduced 2D speckle-tracking global systolic longitudinal strain and strain
rate in all their patients with biopsy-proven myocarditis (even in those who had
preserved LV systolic function); in addition, at follow-up, deformation parameters
were significantly lower in patients with than in those without inflammation and
correlated significantly with lymphocytic infiltrates. Finally, in a preliminary report,
myocardial contrast echocardiography enabled detection of regional perfusion
defects that did not conform to a coronary distribution and were not apparent with
conventional echocardiography, suggesting the diagnosis of myocarditis later con-
firmed by CMR [83].

CMR is extensively assessed in scientific literature and is frequently used in
clinical practice to evaluate suspected myocarditis [84]. Acute myocarditis, particu-
larly if presenting as acute chest pain and positive markers of myocardial damage
without coronary artery disease, frequently has a characteristic pattern at LGE
imaging of subepicardial enhancement involving the basal and mid segments of the
LV free wall [85] (Fig. 21.7). T2- and T1-weighed early enhancement sequences
may, respectively, demonstrate localized myocardial edema and global hyperemia
in the inflamed myocardium [86, 87] (Fig. 21.7). The diagnostic accuracy of CMR
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compared with the gold-standard of EMB is very high when using a combination of
two of the three aforementioned criteria [88].

The same diagnostic criteria were initially reported to have high diagnostic
accuracy in cases of myocarditis with clinical presentation such as HF [89].
However, more recent data report limited accuracy when evaluating a single crite-
rion or any combination thereof [90, 91]. These cases are usually characterized by
lower-grade diffuse inflammation—which is often impossible to identify with
early-enhancement T1- or T2-weighted sequences—and by diffuse interstitial
fibrosis, which is missed by LGE sequences [92]. Delayed multidetector CT per-
formed 5 min after contrast injection may be able to identify hyperenhancement
similarly to LGE in CMR [93]. This may be a useful alternative in patients with
contraindications to CMR.

Echocardiographic recognition of severe myocardial structural derangement
with LV enlargement and systolic dysfunction permits identification of patients at
risk of major clinical events (death, heart transplantation) in the long-term follow-
up. More importantly, data published by our group show that improvement or nor-
malization of LV function at 6 months echocardiographic re-evaluation are
associated with a benign long-term prognosis, independently of the pattern of clini-
cal presentation and LV function at presentation [70].

Promising data have been published in recent years on the prognostic role of
CMR in the context of myocarditis. The presence of LGE is associated with
increased global and arrhythmic cardiac mortality [94]. A pattern of LGE involving
the septum, usually from human herpesvirus 6 (HHV6) or combined HHV6 parvo-
virus B-19 (PVB19) infections, may be predictive of persisting LV dilatation and
dysfunction [95].

21.6 Chagas Disease

One peculiar form of myocarditis is Chagas disease, which is caused by Trypanosoma
cruzi, a flagellated protozoan. This disease continues to represent a health threat for
an estimated 28 million people, mostly those living in Latin America [96, 97].
Chagas disease classically presents in an acute or initial phase, which is followed by
a chronic phase that can be categorized into indeterminate, cardiac, or digestive
forms, each with different clinical manifestations [97]. Severe acute disease is rare
(<1 %) and characterized by acute myocarditis, pericardial effusion, and/or menin-
goencephalitis. After the acute phase, an indeterminate phase usually lasting several
years precedes the chronic phase of the disease. The most common and serious
problems are cardiac and are caused by an inflammatory CMP as a result of immune
reaction and/or the persistence of parasites in the heart. They manifest clinically
with progressive HF, life-threatening arrhythmias, and/or thromboembolic events.
According to severity of clinical, ECG, chest X-ray, and imaging abnormalities,
chronic Chagas CMP is classified into four stages (A, B, C, D) with different
mortality and morbidity rates [98]:

» Stage A, or indeterminate, characterized by the absence of symptoms and ECG

and structural cardiac abnormalities
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» Stage B, with ECG abnormalities (conduction defects and/or arrhythmias) in the
absence of symptoms; mild/moderate LV WMA and systolic dysfunction may be
present

» Stage C, LV dysfunction at imaging, and prior or current symptoms of HF

» Stage D: symptoms/signs of HF at rest, refractory to medical therapy [New York
Heart Association (NYHA) IV]

Most patients affected by Chagas disease have no symptoms for decades after
becoming infected with 7. cruzi. In rare cases, acute myopericarditis can manifest at
echocardiography as pericardial effusion, sometimes massive and with tamponade,
and/or WMA [97, 99]. In chronic Chagas disease, echocardiographic abnormalities
increase in frequency and severity according to the clinical stage of the disease [97,
99, 100]. The typical, although not pathognomonic, pattern is the presence of apical
LV aneurysm, with or without global chamber dilatation and depressed systolic
function (Clips 21.7a, 21.7b, 21.7¢, and 21.7d) [99, 100]. Diastolic dysfunction is
an important hallmark of Chagas disease and usually precedes systolic dysfunction
[97]. Also, RV involvement is a typical feature of the disease and is usually associ-
ated with LV dysfunction; occasionally a RV apical aneurysm is observed [97].
Patients with LV aneurysms, similarly to those with this complication of myocardial
infarction, are at risk of thrombosis and systemic embolism.

Few data are available regarding the usefulness of new echocardiographic tech-
niques in Chagas disease. Tissue-Doppler-imaging (TDI) derived myocardial strain
can demonstrate lower radial and longitudinal values compared with normal indi-
viduals and could quantify subtle segmental contractile dysfunction not detected
visually [99]. Speckle-tracking technology is used to quantify global and segmental
LV deformation (radial, circumferential, and longitudinal strain) and twist and
untwisting velocities [101]. In that study, global strains showed a significant decreas-
ing trend across groups of disease severity. Interestingly, patients in the indetermi-
nate form had significantly lower radial strains in both the global and midinferior
segment and lower twist and untwisting velocities compared with normal individu-
als. CMR may help in diagnosing Chagas CMP by demonstrating aneurysm forma-
tion with preferential sites at the apex and inferolateral walls. Aneurysms are easily
detected with SSFP cine imaging. The pattern of LGE is variable and may involve
any or all layers of the myocardial wall [102, 103].

Prognosis in Chagas disease mainly depends on the clinical stage of the disease
[97]. No mortality is reported for patients in the indeterminate phase. In one series
of 843 initially asymptomatic patients with Chagas disease [100], during long-term
follow-up (mean 9.9+5.3 years), a change in clinical stage, LV systolic dimension
at M-mode echocardiography, and EF were the only independent predictors of mor-
tality. The frequency and severity of echocardiographic abnormalities increases
with increasing severity of disease stage. In that series, mortality and event rates
were, respectively, 0 and 8 % of 505 patients in group 0; 1 and 26 % of 257 patients
of group 1; and 14 and 52 % of 87 patients of group 2.

Nunes et al. [104] reported on the prognostic value of LA volume assessed by 2D
echocardiography, adding incremental prognostic value to clinical factors (NYHA
class), LV EF, RV function, and Doppler parameters of diastolic function [Ratio of
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transmitral E velocity to mitral annular E’ velocity (E/E’)]. In that series, an
LA-indexed end-systolic volume >51 ml/m? was associated with significant excess
mortality. The prognostic impact of TDI index on LV diastolic dysfunction (E/E’)
was subsequently analyzed by Nunes et al. [105], who showed a different and oppo-
site prognostic significance of E/E’ according to LV systolic dysfunction severity. In
fact, a high E/E’ (>15) was a strong adverse prognostic factor only for patients with
mild to moderate LV EF depression (>30 %), whereas it was “protective” in the
subset patients with severe LV systolic dysfunction. An interaction between RV
dysfunction, frequent in the most severe cases with advanced congestive HF, was
hypothesized.

21.7 Chemotherapy-Induced Cardiomyopathy

The incidence of complications after antineoplastic therapy is increasing in rela-
tion to the incidence of cancer and prolonged survival rate. Cardiotoxicity is one
of the major complications. The Cardiac Review and Evaluation Committee estab-
lished some criteria for diagnosing chemotherapy-related cardiac dysfunction
[106], which consider clinical history, LV EF reduction, and presence of HF symp-
toms and signs. Echocardiography is recommended before the start of treatment
and periodically during and after chemotherapy cycles. Anthracyclines (doxoru-
bicin, daunomycin, idarubicin) are the most frequent chemotherapeutic agents
involved in cardiotoxicity; however, adverse cardiotoxic effects are reported also
for other drugs (mitoxantrone, S-fluorouracil, cyclophosphamide, trastuzumab).
Anthracycline may exhibit two different types of cardiac toxicity over time:
early-onset cardiotoxicity (often expressed with ventricular or supraventricular
arrhythmias), or late-onset chronic cardiotoxicity that emerges many years after
chemotherapy has been completed. The risk and severity of anthracycline CMP
is typically dose related. Clinical manifestations are those of severe biventricu-
lar HF with decreased EF and frequently severe diastolic dysfunction. Because of
the progressive morphologic changes and the persistence of changes over a long
period, symptoms are reported to occur any time up to months after stopping the
drug. Although HF is reported to have a high mortality rate, successful treatment
is possible [107].

Traditional therapies, such as anthracyclines, have been recognized for years as
causing cardiovascular complications. Less expected were the cardiovascular effects
of targeted cancer therapies, which were initially thought to be specific to cancer
cells and would spare any adverse effects on the heart. In patients with breast cancer
treated with anthracyclines, taxanes, and trastuzumab, systolic longitudinal myocar-
dial strain and ultrasensitive troponin I measured at the completion of anthracycline
therapy are useful for predicting subsequent cardiotoxicity and may help guide
treatment [108].

Echocardiographic characteristics of anthracyclines-induced CMP are indistin-
guishable from other causes of LV dysfunction [109]. A typical pattern is a mildly
dilated but severely dysfunctioning LV with severe diastolic dysfunction [restrictive
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Fig.21.8 (a-d) A 19-year-old patient with cardiomyopathy that developed after chemiotherapy
(including anthracyclines) and radiotherapy for acute lymphatic leukemia. M-mode echocardiog-
raphy (a), parasternal long-axis view, shows moderate left ventricular (LV) dilation (end-diastolic
diameter corrected for body surface area 36 mm/mq), with severe systolic dysfunction (fractional
shortening 11 %). There is also pericardial effusion posteriorly to the LV (21-mm thick), around
the right atrium (12 mm), and laterally to the LV (14 mm), as shown in the apical four-chamber
view (b), which also shows mild biatrial dilation. Pulsed-wave-Doppler interrogation of transmi-
tral flow reveals a restrictive filling pattern (c). Pulsed-wave Doppler of the aortic valve (d) shows
a low velocity (0.5 m/s), a sign of low cardiac output

filling pattern (RFP)}. RV dysfunction, MR, tricuspid regurgitation (TR), and
pulmonary hypertension are frequently present (Fig. 21.8, Clips 21.8a, 21.8b, 21.8c,
and 21.8d). Other antineoplastic drugs, such as the monoclonal antibody trastu-
zumab, can induce reversible forms of cardiac dysfunction [110].

Furthermore, several forms of cancer treatment, such as 5-fluorouracil, are asso-
ciated with an increased risk of coronary artery disease and/or acute coronary syn-
drome, with transient regional hypokinesia at echocardiographic evaluation.

Strain and strain-rate imaging is used to detect subtle early impairment in cardiac
contractility due to chemotherapeutic agents. Reduced strain and strain-rate param-
eters can, in fact, precede any appreciable change in LV EF and might therefore help
in identifying patients who develop chemotherapy-related cardiotoxicity in an early
subclinical stage (Fig. 21.9) [111]. Early subclinical abnormalities occur after low
to moderate dosages of anthracycline-based chemotherapy and persist after 6
months, although without evidence of myocardial fibrosis by LGE [112].

CMR is able to detect significantly reduced LV EF and cardiac mass in
survivors of childhood cancer previously undiagnosed with cardiotoxicity by 2D
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Fig.21.9 (a, b) Normal 2D global longitudinal strain (=19.5 %) (a) measured in a 22-year-old
woman before chemotherapy treatment. After 6 months of chemotherapy (b), a significant reduc-
tion in global longitudinal strain is observed (—10.1 %) despite persistence of normal left ventricu-
lar ejection fraction. ANT anterior, ANT_SEPT anteroseptal, INF inferior, LAT lateral, POST
posterior, SEPT septal (From Oreto et al. [111], with permission)

echocardiography [113, 114]. Indexed LV mass by CMR is inversely associated
with cumulative anthracycline dose and predictive of events at follow-up [115];
LGE is rare [114, 115]. Diffuse myocardial fibrosis seen at T1 mapping may
represent an early marker of anthracycline cardiotoxicity [116, 117].

Conversely, when trastuzumab is combined with anthracyclines for human
epidermal growth factor receptor-2 (HER-2)-positive breast cancer, subepicardial
lateral wall LGE is often found in patients who develop drug-induced CMP [118].
Serial LV EF determination may be performed using *™Tc radionuclide ventricu-
lography and has long been regarded as the gold standard for measuring anthracy-
cline cardiotoxicity in adult patients [119]. Imaging with ['**I]-MIBG or '*I-labelled
antimyosin may detect subclinical changes before LV function is impaired in
patients treated with anthracyclines [120].

Regular heart-function monitoring during treatment is important to detect car-
diac involvement in neoplastic patients treated with chemotherapy. A baseline, LV
EF evaluation is usually necessary. It is recommended that the same methodology
be used for comparing serial studies [109]. Decreased longitudinal strain, together
with troponin I, increases early after treatment with anthracyclines and trastuzumab,
can predict cardiotoxicity development [108]. CMR imaging is also emerging as a
promising tool in the oncology setting [113].

A clinically important deterioration in LV function can be variously defined (i.e.,
10 % absolute decrease in LV fractional shortening, 10 % decrease in LV EF, or
absolute LV EF value <55 %). Guidelines recommend discontinuing anthracycline
therapy if LV deterioration is found and, preferably, is confirmed on two successive
tests [110].
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Treating anthracycline-induced LV dysfunction is the same as for treating other
causes of myocardial dysfunction according to international HF guidelines.
Echocardiography continues to be the mainstay of monitoring therapeutic efficacy,
given that it is portable, widely available, noninvasive, causes minimal pain, and
provides real-time data [110].

21.8 Left Ventricular Noncompaction

A position statement from the European Society of Cardiology categorized LV NC
as an “unclassified CMP,” asserting: “it is not clear whether it is a separate cardio-
myopathy or merely a morphological trait shared by many phenotypically distinct
cardiomyopathies” [121]. There is no gold-standard criteria for making this diagno-
sis, so that it can even be difficult to assess the real incidence of the disease. In 1990,
Chin et al. [122] proposed echocardiographic criteria for diagnosing this entity. LV
NC can be present from birth or it can develop later in life. It is difficult to identify
strong predictors of outcome to select effective management strategies in this CMP
due to the rarity of the disease and to different studies that are not comparable for
type and number of patients included [123]. The standard therapy HF management
should be applied to patients with LV NC and LV dysfunction.

Systemic thromboembolic events are commonly associated with LV NC.
However, there is no agreement in the cardiology community regarding the use
warfarin and/or antiplatelet therapy, particularly in patients with preserved LV EF,
and the risk/benefit ratio must be individualized. Also the practice to use anticoagu-
lation in patients with LV NC and significantly impaired LVEF is not based on
robust data [124].

The typical echocardiographic features of LV NC are the presence of multiple,
prominent LV endocardial trabeculations separated by multiple, deep intertrabecu-
lar recesses filled with blood from the ventricular cavity, with a predominant
involvement of the apex, the lateral, and the inferior wall. Wall thickness of spared
segments is normal [123]. Dimensions and shape of cardiac chambers are usually
preserved [122], but, in the late stages of HF, the LV can also be significantly dilated.
Noncompacted segments are usually hypokinetic, such as the noninvolved walls;
therefore, the LV systolic function is commonly depressed (~60 % of patients).
Maximal end-systolic ratio of the noncompacted endocardial layer to the compacted
myocardium and the number of affected segments are independent predictors of LV
systolic dysfunction [125].

RV involvement is reported in 20-30 % of cases [126], but it is very difficult to
demonstrate due to the normal trabeculated pattern of the RV walls. Myocardial
thickness is apparently increased, but with a patchy structure and deep intertrabecu-
lar recesses, which are radially oriented. Usually, these aspects are better appreci-
ated in childhood (Fig. 21.10, Clips 21.9a and 21.9b). Considering its predominant
direction, anomalous trabeculation should be assessed by multiple views. Oblique
of-axis images or images in the parasternal short-axis view, which are not perpen-
dicular to the LV long axis, can produce the morphological appearance of prominent
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Fig.21.10 (a-c) Echocardiographic study in a 6-year-old patient with left ventricular (LV) non-
compaction. Subcostal four-chamber view (a) showing multiple endocardial trabeculations in the
LV lateral wall, with normal wall thickness of the spared segments. Compacted myocardium thick-
ness is 4 mm (green arrow); compacted + noncompacted myocardial thickness is 15 mm at end-
diastole (blue arrow) (b). Subcostal short-axis view (c¢) showing the typical honeycomb

appearance

trabeculations and thus mimic LV NC. It is therefore crucial to obtain images that
are not foreshortened and are perpendicular to the ventricular long axis [124]. Color-
Doppler flow imaging can be useful to detect intertrabecular recesses filled with
blood in the LV cavity. In adults, prominent trabeculations are less evident; more
frequently, there are echo-free spaces interrupting the homogeneous myocardial
echogenic pattern [127]. Moreover, typically, progressive increase in the noncom-
pacted/compacted segment ratio from base to apex is seen, showing the typical hon-
eycomb appearance [128]. The presence of thrombi, which are hidden in the
sponge-like myocardium, can be detected by 2D echocardiography, but the accuracy
of CMR is certainly superior. Diastolic function is usually affected, and an restric-
tive pattern is present in 20-40 % of patients [126]. Atrial cavities are typically
dilated [127]. Differential diagnosis can be challenging and includes apical form of
HCM, a combination of apical HCM and LV NC, hypertensive CMP, endocardial
fibroelastosis, abnormal chords, apical thrombus, or tumors [129]. Differential diag-
nosis between DCM and LV NC can be a challenge, especially in dilated ventricles.
Furthermore, the degree of trabeculated LV myocardium is far more frequent than
previously thought; this supports the concept of a continuous trait between the nor-
mal and pathological appearance of the myocardium [130]. Given the high interob-
server variability, it is not sufficient to limit the diagnostic approach to a simple
qualitative morphologic assessment. Therefore, three different quantitative diagnos-
tic criteria exist (Table 21.1). All criteria are based on morphological findings and
require the presence of prominent trabeculations, with deep intertrabecular recesses
communicating with the ventricular cavity, as well as a two-layered appearance of
the myocardium (trabecular myocardium as one layer, compacted myocardium as
the second layer) [122, 131-134]. Chin et al. [122] calculated the ratio between the
depth of the intertrabecular recesses and posterior wall thickness by comparing the
distance between the epicardial surface trough of intertrabecular recesses (X) with
the distance between the epicardial surface and peak trabeculations (Y) in end-dias-
tole. A decade later, Jenni et al. [131] published their criteria for LV NC consisting
of four components and validated with anatomical heart preparations. In contrast to
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Table 21.1 Echocardiographic diagnostic criteria for left ventricular noncompaction (LV NC)

Study Criteria
Chin et al. Two-layered structure of the myocardium (epicardial compacted, endocardial
[122] noncompacted layer)

Determination of X to Y ratio (<0.5). X: distance between epicardial surface
and through intertrabecular recess; Y: distance between epicardial surface and
peak of trabeculation
Image acquisition. Parasternal short-axis view, measurements of X to Y ratio
at end-diastole
Jenni et al. Image acquisition. Short-axis views, measurement of noncompacted (N)/
[127, 131] compacted (C) ratio at end-systole
Thickened myocardium, with a two-layered structure consisting of a thin,
compacted, epicardial layer/band (C) and a much thicker, noncompacted,
endocardial layer (N) or trabecular meshwork with deep endomyocardial
spaces; N/C ratio >2.0
Predominant location of the pathology. Midlateral, midinferior, and apex
Color-Doppler evidence of deep intertrabecular recesses filled with blood
from the left ventricular cavity
Absence of coexisting cardiac abnormalities (in the presence of isolated LV
NO)
Stollberger More than three trabeculations protruding from the LV wall, located apically
etal. [132, 133] to the papillary muscles and visible in one image plane
Trabeculations with the same echogenicity as the myocardium and
synchronous movement with ventricular contractions. Perfusion of
intertrabecular spaces from the LV cavity
Ratio of noncompacted to compacted segment >2.0 at end-diastole (this
criterion was introduced later)
Image acquisition. Apical four-chamber view; transducer angulation, and
image acquisition in atypical views to obtain the best technical picture quality
for differentiation between false chords/aberrant bands and trabeculations
Diagnostic criteria have changed in recent years

Chin et al., the Zurich group relied on measurements at end-systole because the
thickness of the two layers is best visualized in that phase. The combination of these
criteria was very specific [135]. The third criteria, by Stollberger et al. [132],
required the presence of more than three trabeculations located apical to insertion of
the papillary muscles, as visible in one apical image plane. These authors were the
first to clearly define trabeculations as structures with the same echogenicity as the
myocardium, moving synchronously with the ventricle.

Belanger et al. [136] also assessed the utility of the LV trabecular area as mea-
sured by echocardiography using a four-chamber view to identify LV NC.

Several limitations are reported regarding these criteria. Kohli et al. [137] dem-
onstrated an unexpectedly high percentage (23.6 %) of patients with HF fulfilling
one or more of the diagnostic criteria for LV NC, in addition to 8.3 % of healthy
controls. Furthermore, the reproducibility of the measurement of noncompacted/
compacted segment ratio, such as the quantification of trabeculations, has been
shown to be poor [138]. Interestingly, a high proportion of young athletes (8.1 %)
fulfilled conventional criteria for LV NC [139].

When noncompaction is subtle or incomplete, differential diagnosis with other
disorders is uncertain. Contrast echocardiography can be helpful in such cases or
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when conventional echocardiographic images are poor, improving visualization of
trabeculations and the compacted myocardium, and illustrating intertrabecular per-
fusion [140]. Moreover, TEE can support the diagnosis of LV NC, thus highlighting
the spongy appearance of the LV walls and showing the peculiar morphology of the
papillary muscles [141]. Finally, it can be helpful when intraventricular thrombi
cannot be excluded by TTE.

A functional evaluation, in addition to morphological assessment, can be useful in
LV NC diagnosis. Myocardial strain values are abnormal in patients with LV NC,
even in the context of preserved systolic function [142]. In addition, an abnormal
pattern of LV twist/rotation was observed on speckle-tracking echocardiography in
patients with LV NC. In one study [143], rotation was clockwise at the base and
counterclockwise at the apex in all controls as well as in patients with DCM. In con-
trast, LV base and apex rotated in the same direction (LV solid-body rotation) in all
LV NC patients. Thus, LV solid-body rotation/twist may be a new objective, func-
tional, and quantitative diagnostic criterion for this CMP. However, this feature might
not be entirely specific [144] and was not present in all LV NC patients in another
study [145]. In that study, the presence of rigid-body rotation was not associated with
worse LV remodelling compared with LV NC individuals with normal twist.

Furthermore, Nieman et al. [146] found no difference in standard echocardio-
graphic parameters between LV NC and DCM but observed a unique regional
deformation pattern in LV NC characterized by preserved deformation in basal seg-
ments with decreased myocardial deformation in more apical segments. Conversely,
in DCM, strain and strain rate were homogeneously reduced in all LV segments.
Thus, the authors proposed this special regional deformation pattern as an addi-
tional diagnostic tool to differentiate LV NC from DCM (Fig. 21.11).

In LV NC, 3D echocardiography allows a more comprehensive LV assessment,
including trabecular volume measurement, which may further aid in diagnosis
(Fig. 21.12) [147]. Moreover, Bodiwala et al. [148] suggested the use of 3D echo-
cardiography to visualize the trabecular meshwork, referred to as a honeycomb
appearance, as an useful feature for differentiating LV NC from other diseases.

CMR has an important diagnostic contribution in suspected LV NC, particularly
in patients with poor echocardiographic quality. A ratio between noncompacted and
compacted myocardium >2.3:1 seen at steady-state free-precession (SSFP) CMR
sequences was demonstrated to have high sensitivity and specificity and is the
accepted diagnostic criterion for diagnosing this disease [149] (Fig. 21.13).
However, when using this criterion, an unexpectedly high rate of LV NC is found
[150]. Other proposed diagnostic criteria are the percentage of LV trabeculated
mass >20 % [151, 152] or >25 %, or >15 g/m? indexed noncompacted myocardial
mass [153]. Operators must be aware of the potential pitfalls in CMR, which have
frequently led to overdiagnosis of LV NC, such as assessing long-axis instead of
short-axis views [150], possibly due to incorrect piloting of long-axis planes [154].

LGE correlates with the extent of WMA and severity of clinical status [155—
157]. However, these relations were not confirmed in other series [153, 158].

Multidetector CT (MDCT) of the heart may be a valuable diagnostic option. A
noncompacted to compacted ratio of 2.2 or 2.3 measured in end-diastole, and
involvement of two or more segments, is suggested to distinguish LV NC from other
CMP and healthy individuals [159, 160].
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Fig.21.11 Tissue-Doppler
strain imaging performed in
three lateral wall segments in
a patient with left ventriculare
noncompaction (LV NC)
(upper) and dilated
cardiomyopathy (DCM)
(lower). Yellow, blue, and red
curves show strain curves in
apical, mid, and basal
segments, respectively. There
is an increasing gradient in
end-systolic strain from the
apex to the base in the patient
with LV NC, whereas strain
in the patient with DCM is
homogeneously reduced.
AVC aortic valve closure
(From Niemann et al. [146],
with permission)

Regional myocardial perfusion defects assessed by [*N]-ammonia PET are
described in most noncompacted segments and in a minority of normal segments.
Coronary flow reserve is significantly decreased in most segments with WMA and
not confined to noncompacted segments only [161].

Considering the possible prognostic implications of imaging, the presence of LV
systolic dysfunction in LV NC is related with the number of affected segments and
the thickness of the noncompacted layer [125]. LV dysfunction by itself places
patients at a higher risk for morbidity and mortality [162]. Other echocardiographic
predictors of adverse outcome are reported in previous studies, specifically the ratio
of noncompacted to compacted layers, the number of affected segments, the LV
end-diastolic diameter, and an a decreased E’ velocity of the LV lateral wall on TDI
[123, 125, 163-165].

Patients with systolic dysfunction, even if asymptomatic, should be treated with
evidenced-based HF therapy and need careful follow-up. Insertion of an implant-
able cardioverter defibrillator (ICD) for primary prevention should be considered,
according to guidelines, for nonischemic CMP [166].
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Left ventricular volume at the
bottom of recesses

o Trabeculated left

/ ventricular volume
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@

Left ventricular volume at the
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Fig.21.12 Result of the 3Dechocardiographic analysis for trabeculated left ventricular (LV) vol-
ume estimation in a patient with LV noncompaction. After tracing the endocardial border at the
bottom of the trabeculae and at the peak of the recesses, end-diastolic volumes including (red) and
excluding (blue) trabeculae are obtained. Yellow arrows indicate that the difference between vol-
umes (blue and red) corresponds to the trabeculated LV volume (indicated by the other yellow
arrow), which is normalized by LV end-diastolic volume including trabeculae and represents the
proportion of the LV cavity occupied by trabeculae (From Caselli et al. [147], with permission)

Fig.21.13 Patient with left
ventricular noncompaction
(LV NC). Steady-state
free-precession cardiac
magnetic resonance,
three-chamber image, taken
at end-diastole showing a
thick layer of noncompacted
myocardium (dotted arrows)
over compacted myocardium
(solid arrows) in LV posterior
wall
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