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Preface

Heart failure places a considerable burden on both patients and healthcare systems. 
It causes increased morbidity and mortality and is a risk factor for arrhythmia and 
sudden cardiac death. Heart failure is commonly caused by ischemic heart disease, 
abnormal loading, or cardiomyopathies. Cardiomyopathies are diseases of the 
heart muscle with diverse etiologies ranging from myocarditis to gene mutations. 
Definitions of cardiomyopathies differ over time and between clinical traditions. 
While in the future cardiomyopathies might be classified after causative mutations, 
they have traditionally been classified by phenotype and cardiac morphology. This 
system of classification has the advantage that the phenotype is most often known 
prior to the genotype. Originally, cardiomyopathies were considered distinct 
primary myocardial disorders of unknown etiology, whereas heart muscle disorders 
of known etiology or caused by systemic disease were classified as secondary or 
specific heart muscle disease. In 2006, the American Heart Association proposed 
a classification that defined cardiomyopathies as either primary or secondary, 
referring either to a disease where the heart is the sole or primarily affected 
organ or where myocardial involvement is part of a systemic disease. In 2008, 
the European Society of Cardiology proposed an alternate classification in which 
cardiomyopathy is defined as “a myocardial disorder in which the heart muscle is 
structurally and functionally abnormal in the absence of coronary artery disease, 
hypertension, valvular disease, and congenital heart disease sufficient to cause 
the observed myocardial abnormality.” Furthermore, the European Society of 
Cardiology subdivides cardiomyopathies depending on morphology and function, 
that is, dilated cardiomyopathy, hypertrophic cardiomyopathy, arrhythmogenic 
cardiomyopathy, restrictive cardiomyopathy, and unclassified cardiomyopathies 
(e.g., left-ventricular non-compaction cardiomyopathy). They are then further 
categorized based on inheritance pattern, distinguishing between familial or genetic 
forms versus non-familial or non-genetic forms of cardiomyopathy and based on 
specific etiologies.

This book is divided into seven sections. The “Overview” section introduces the 
topic, and the “Genetics” section provides information on the genetic basis of 
many of the cardiomyopathies. “Arrhythmogenic Cardiomyopathy,” “Hypertrophic 
Cardiomyopathy,” and “Dilated Cardiomyopathy” include chapters sorted by 
category of cardiomyopathy. The book ends with sections on “Miscellaneous 
Cardiomyopathies” and “Treatment and Future Perspectives.”

We wish to thank the chapter authors, all of whom are expert clinicians and 
researchers in the fields of cardiology, cardiomyopathies, and cardiogenetics.

Gustav Mattsson and Peter Magnusson
Centre for Research and Development Region Gävleborg/Uppsala University,

Gävle, Sweden
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Chapter 1

An Overview of the 
Cardiomyopathies
Ida Kåks, Marianna Leopoulou, Gustav Mattsson  
and Peter Magnusson

Abstract

Cardiomyopathies constitute a heterogeneous group of heart diseases. In fact, 
cardiomyopathies is a major cause of death either as end-stage heart failure or sud-
den cardiac death. Even though prognosis is, in many cases, poor there are several 
approaches to optimal disease management, which improves outcome and implies 
better quality of life including reduced risk of hospitalization. Differentiation of 
underlying etiology in individual cases of cardiomyopathies requires careful clinical 
evaluation. Echocardiography is the cornerstone in initial evaluation and follow-
up but cardiac magnetic resonance provides additional value. ECG, biomarkers, 
detailed history taking and extracardiac features may provide clues to less common 
entities. While forty years ago cardiomyopathy was defined as heart muscle disease 
of unknown origin, the underlying pathophysiology has now been elucidated. 
Indeed, the last decades the genetic explanations have evolved. Advanced treatment 
with pacemakers, including cardiac resynchronization, implantable defibrillators, 
and mechanical devices in the most severe cases are nowadays available for many 
patients. The evidence-based pharmacological approach to heart failure provides 
multiple interaction of pathophysiological pathways and has improved outcome. In 
selected cases specific agents are indicated why differential diagnosis is crucial and 
the genetic link imply cascade screening. This chapter aims to present a comprehen-
sive overview of the cardiomyopathies, categorized into: dilated-, hypertrophic-, 
restrictive-, arrhythmogenic and unclassified cardiomyopathy.

Keywords: arrhythmogenic cardiomyopathy, cardiomyopathy, dilated 
cardiomyopathy, heart failure, hypertrophic cardiomyopathy, left ventricular 
non-compaction, restrictive cardiomyopathy, sudden cardiac death, takotsubo 
cardiomyopathy

1. Introduction

The term cardiomyopathy was introduced by Brigden in 1957, to describe isolated 
noncoronary myocardial disease [1]. In 1980 the World Health Organization 
(WHO) released a document defining cardiomyopathies as “heart muscle diseases 
of unknown cause” [2]. Since then the understanding of these entities has grown 
considerably, and although some are deemed idiopathic, the underlying etiology 
of other cardiomyopathies have been elucidated. In 2008, the European Society of 
Cardiology (ESC) used the following definition of cardiomyopathy in their position 
statement:
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“A myocardial disorder in which the heart muscle is structurally and function-
ally abnormal, in the absence of coronary artery disease, hypertension, valvular 
disease and congenital heart disease sufficient to cause the observed myocardial 
abnormality [3].”

Many cardiomyopathies are of genetic origin [4], and the inheritance pattern 
is most often autosomal dominant, although autosomal recessive and X-linked 
inheritance patterns are encountered [5]. Non-familial forms include, among 
others, cardiomyopathy secondary to myocarditis caused by toxic or infectious 
agents [3, 6].

Terminology has historically been a challenge for many of the cardiomyopathies; 
takotsubo cardiomyopathy has acquired at least 75 different names [7] and for 
hypertrophic cardiomyopathy (HCM) that number exceeds 80 [8]. The goal of 
this chapter is to use the most established nomenclature, while in cases when the 
preferred term is less clear, it will be addressed.

2. Classification

Several attempts have been made to classify the cardiomyopathies. One classifi-
cation was suggested by Goodwin in 1961 [9], which described three clinical types, 
according to the effect the disease has on the heart’s function: congestive, obstruc-
tive, and constrictive. These categories are still in use, but are now termed dilated, 
hypertrophic, and restrictive, respectively [10]. In the 1980 report by the WHO [2], 
three distinct conditions were described: dilated-, hypertrophic- and restrictive 
cardiomyopathy. In addition to these forms WHO included unclassified cardio-
myopathy, covering the cases that did not fit in any of the other groups. Specific 
heart muscle disease, including, among others, conditions with infectious and 
metabolic etiology, was not considered to belong to the concept of cardiomyopathy. 
As the understanding of the pathogenesis and etiology grew, this classification was 
updated 15 years later - now with the addition of arrhythmogenic cardiomyopa-
thy (ACM), at the time called arrhythmogenic right ventricular cardiomyopathy 
(ARVC), and the term specific cardiomyopathies replacing specific heart muscle 
disease [11].

In 2006 the American Heart Association (AHA) proposed a new classification, 
stating that the identification of several new diseases, diagnostic advancements 
and precise knowledge of causation called for an updated version [6]. The dilated-
hypertrophic-restrictive classification, was considered limited in several regards. 
For example, mixing anatomical descriptions (hypertrophic and dilated) with 
one that is merely functional (restrictive), can result in one disease belonging in 
two categories. Furthermore, remodeling can cause a disease to develop from one 
category into another during its natural course. Instead, they propose a division of 
cardiomyopathies into two groups: primary and secondary. Primary cardiomyopa-
thies include those that solely, or predominantly, affect the myocardium. Secondary 
cardiomyopathies replace the term specific cardiomyopathies, hence including 
pathology of the heart muscle caused by systemic disorders. The two groups are 
further divided into categories based on etiology. The AHA also includes ion chan-
nelopathies as a cardiomyopathy, contrary to former classifications.

The ESC also suggested a classification two years later, aiming for a more 
clinically oriented system based on morphology and function [3]. This position 
statement proposes five categories: dilated-, hypertrophic-, restrictive-, arrhyth-
mogenic- and unclassified cardiomyopathy. Each category is then sub-classified as 
familial or non-familial (Figure 1). As opposed to the AHA, channelopathies and 
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conduction disorders were not considered cardiomyopathies. Neither in the classi-
fication system developed by the AHA nor the ESC, myocardial dysfunction caused 
by valvular, coronary, hypertensive or congenital heart disease, is considered as 
cardiomyopathy [4].

Lastly, a phenotype–genotype nomenclature, the MOGE(S) classification was 
suggested [4]. The letters each describe a feature of the cardiomyopathic condition 
where M stands for morphofunctional characteristic, O for organ involvement, 
G for genetic or familial inheritance pattern, and E for etiology. The S is optional, 
and refers to functional status.

For educative reasons, this book chapter will employ the classification suggested 
by the ESC.

3. Dilated cardiomyopathy

3.1 Definition

Dilated cardiomyopathy (DCM) involves a dilated left ventricle with impaired 
left ventricular systolic function not solely explained by abnormal loading condi-
tions or coronary artery disease [13] (Figure 2). Left ventricular dilatation is 
defined as left ventricular end-diastolic volume or diameter that is >2 standard 
deviations from normal according to nomograms corrected for body surface area, 
age, and sex [13]. In some cases, dilatation and dysfunction of the right ventricle 
may occur as well [13]. It can be of genetic origin or can be attributed to non-genetic 
factors. To be categorized as familial, DCM has to be diagnosed in the proband and 
in at least on first- or second-degree relative [13].

3.2 Clinical features

DCM can lead to progressive heart failure and arrhythmias, and is associated 
with an increased risk of sudden cardiac death (SCD) [10]. Besides ventricular 
arrhythmias that may be fatal, atrioventricular block, atrial fibrillation and supra-
ventricular tachycardia (both with and without preexcitation) may also occur 
[15]. Idiopathic or familial DCM is usually first diagnosed in patients between 20 
and 50 years of age [16]. The most common presentation at diagnosis is related to 
congestive heart failure symptoms [17].

Figure 1. 
Classification of cardiomyopathies as proposed by the European Society of Cardiology [3]. Cardiomyopathies 
are first classified according to morphology and function, then based on whether the disease is familial or non-
familial, and lastly depending on either known disease causing mutation or pathophysiological mechanism. 
Image from Mattsson et al. [12]. Published by IntechOpen under open access https://creativecommons.org/
licenses/by/3.0/.
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3.3 Epidemiology

DCM is the leading cause of heart transplantation and the third most common 
reason for heart failure [6]. The estimated prevalence is 1:2500 [6], and it more 
commonly affects men than women [18].

3.4 Etiology

There are several known causes for the sporadic form of DCM; toxins (for 
example ethanol, lead and cocaine), metabolic abnormalities (including hypothy-
roidism and thiamine deficiency), neuromuscular disorders (for example Duchenne 
muscular dystrophy) and inflammatory or infectious (viral, bacterial, fungal) con-
ditions are all among them [16]. Chagas’ disease, caused by the protozoan parasite 
Trypanosoma cruzi, is an example of an infectious disease that can lead to DCM [19]. 
WHO estimated that 10 million people were infected in 2009, and the cardiac form 
affects up to 30% [20]. Peripartum cardiomyopathy is a form of acquired DCM [15].

Approximately 20–35% of DCM cases are familial, while the most common 
inheritance pattern is autosomal dominant; X-linked, autosomal recessive and 
mitochondrial patterns occur seldom [6]. Mutations in genes coding cytoskeletal 
and sarcomeric proteins are the most common. Mutations in the gene coding for the 
protein titin is the most common, accounting for up to a quarter of known muta-
tions [21]. Mutations in most genes result in similar phenotypes, thus broad gene 
panels are required. However, among patients who have atrioventricular block, 
mutations in the gene coding for lamin A/C (LMNA) are the most common [15]. 
Between 5 and 10% of patients with DCM have disease-causing LMNA mutation 
[18]. When no etiology is identified, DCM is categorized as idiopathic [16].

3.5 Treatment

DCM is treated similarly to other forms of heart failure with reduced ejection 
fraction (EF) [10]. Initial medical treatment consists of angiotensin-converting 
enzyme (ACE)-inhibitors or angiotensin receptor blockers (ARB), beta-blockers, and 
mineralocorticoid receptor antagonists (MRA). In patients who are still symptomatic 

Figure 2. 
Echocardiography that shows dilatation of the left ventricle and signs of diastolic dysfunction. Image adapted 
from Jamil et al. [14]. Published by IntechOpen under open access https://creativecommons.org/licenses/by/3.0/.
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and have an EF ≤35% or, the ACE-inhibitor or ARB should be replaced by an angio-
tensin receptor neprilysin inhibitor. Cardiac resynchronization therapy should be 
considered in patients who have a QRS duration ≥150 ms, or QRS duration ≥130 ms 
and left bundle branch block. Ivabradine should be considered for patients in sinus 
rhythm with pulse above 70 beats per minute. Heart transplantation may be consid-
ered in end-stage heart failure, and left ventricular assist devices can be used a bridge 
to transplantation, or as a permanent treatment [22]. The sodium-glucose transporter 
protein 2 inhibitor dapaglifozin has been associated with a reduced cardiovascular 
mortality and a reduced risk of worsening heart failure in patients with heart failure 
with reduced EF, in both patients with diabetes type 2 [23] and non-diabetics [24].

In patients who have experienced a hemodynamically not tolerated ventricular 
arrhythmia, implantable cardioverter defibrillator (ICD) therapy is recommended. 
Furthermore, an ICD is recommended for those with symptomatic heart failure 
(New York Heart Association [NYHA] class II-III) with reduced EF of ≤35%, fol-
lowing at least three months of optimal medical therapy. These recommendations 
apply if the expected survival exceeds one year with good functional status. In the 
case of an established disease-causing LMNA mutation and clinical risk factors, an 
ICD should also be considered [18].

4. Hypertrophic cardiomyopathy

4.1 Definition

The ESC defines HCM as “presence of increased left ventricular wall thickness 
that is not solely explained by abnormal loading conditions” [25]. More precisely, 
a wall thickness of ≥15 mm in at least one left ventricular myocardial segment is 
required for the diagnosis of HCM in adults (Figure 3). In borderline cases with 
13–14 mm, careful evaluation, including family history, is needed; if a first-degree 
relative had definite HCM the diagnosis is made [25]. Notably, the American guide-
lines from 2011 hold another position. They recognize HCM as a clinical entity “… 
characterized by unexplained left ventricular hypertrophy associated with nondi-
lated ventricular chambers in the absence of another cardiac or systematic disease 
that itself would be capable of producing the magnitude of hypertrophy …” [26]. 
There are several diseases, especially in children and young adults, which mimic 

Figure 3. 
Echocardiography showing septal hypertrophy in a patient with HCM. Image used with permission from the 
author Peter Magnusson.
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hypertrophy caused by sarcomeric protein mutations. The American guidelines 
emphasize that these conditions, so-called phenocopies, should not be included in 
the term HCM [26].

In the American definition of HCM, there are other groups of diseases and 
conditions that present with hypertrophy, that are not included in the term HCM. 
These can be categorized based on cellular mechanisms, i.e. neuromuscular, mito-
chondrial, and metabolic disorders (glycogen storage, carnitine, lysosomal storage). 
Among the metabolic disorders are glycogen storage diseases such as Danon disease, 
Pompe disease, and Anderson-Fabry disease. Malformation syndromes are typically 
diagnosed in pediatric settings; LEOPARD (lentiges, ECG abnormalities, ocular 
hypertelorism, pulmonary stenosis, abnormal genitalia, retardation of growth, and 
sensorineural deafness), Noonan syndrome (facial features, short height, congeni-
tal heart disease, bleeding problems, and skeletal malformations), and others.

4.2 Clinical features

Typical symptoms include dyspnea, palpitations, syncope and chest discomfort, 
but many patients lack specific symptoms altogether [25]. Indeed, the majority 
are likely never diagnosed [27]. Chest discomfort sometimes occurs at rest or 
during exertion, postprandial or following alcohol consumption. It is uncommon 
for people with HCM to present with decompensated heart failure, but symptoms 
of chronic heart failure are often present. The pathology varies, from diastolic 
dysfunction with preserved EF to systolic left ventricular dysfunction or left 
ventricular outflow tract obstruction. Among those with left ventricular outflow 
tract obstruction, a systolic murmur can sometimes be auscultated at the left sternal 
edge [25].

As for syncope as a symptom of HCM, the cause can be, among others, complete 
heart block, sinus node dysfunction, or ventricular tachycardia [25]. Causes that 
are not directly related to the conduction system include left ventricular outflow 
obstruction, diastolic dysfunction and altered baroreflex mechanisms [28].

According to U.K. data on 357 sudden death cases in athletes the mean age 
was 29 years and the vast majority males (92%) [29]. Sudden arrhythmic death 
was the most common cause of death, and HCM accounted for 6% of all deaths. 
Interestingly, 40% of these athletes died during resting conditions. An Italian 
sample of 54 fatal cases (mean age 27 years; 76% men) revealed HCM in 9.2% [30].

4.3 Epidemiology

In adults, the prevalence of HCM is frequently reported as 1:500 [31], but a 
recent Icelandic study reported 1:1600 [32]. On the other hand an extremely high 
prevalence (about 1:200) was claimed when both phenotypes and genotypes were 
included based on cohorts from expert centers [33]. Moreover, misclassifications 
are common in HCM [34].

4.4 Etiology

HCM is often explained by a genetic disease (in approximately half of the cases); 
a mutation in cardiac sarcomeric protein genes, with an autosomal dominant pat-
tern of inheritance. X-linked inheritance is less common, and autosomal recessive is 
the most uncommon pattern. Other genetic disorders, such as inherited neuromus-
cular diseases or chromosome abnormalities, are the underlying reason for 5–10% 
of adult cases. Non-genetic causes of HCM include amyloidosis and drug toxicity. 
The etiology of the remaining 25–30% is unknown [25].
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4.5 Treatment

Patients with symptomatic left ventricular outflow tract obstruction should 
initially receive beta-blockers in the highest tolerated dose. If symptoms persist, the 
next step is adding disopyramide. For those who cannot tolerate beta-blockers or 
when they are ineffective, verapamil is an option. Loop- or thiazide diuretics may 
be used in low doses to improve dyspnea. For patients with a left ventricle outflow 
tract obstruction gradient exceeding 50 mmHg, persistent symptoms (moderate to 
severe) and/or repeated syncope upon exertion, despite medical therapy, invasive 
treatment with septal myectomy or alcohol septal ablation should be considered. 
For symptomatic elderly patients who are not candidates for invasive treatment, 
permanent pacing with short atrioventricular interval may be considered [25].

For those without left ventricle outflow tract obstruction who have symptoms of 
heart failure but a normal EF, beta-blockers, verapamil (or diltiazem) and careful 
administration of diuretics is indicated. Renin-angiotensin-aldosterone system 
inhibition is not extensively studied in HCM patients, but the ESC recommends the 
use of beta-blockers, ACE-inhibitors, ARB, MRA and diuretics for HCM patients 
with symptoms of heart failure and reduced EF, in line with their general recom-
mendations for management of chronic heart failure [25].

Pacemaker therapy in bradycardia is recommended according to the general ESC 
guidelines [25]. When it comes to ICD treatment, patients with HCM who have not 
experienced ventricular fibrillation or ventricular tachycardia with hemodynamic 
compromise, may be candidates for ICD based on the 5-year risk, determined by 
the validated ESC calculator HCM Risk-SCD [18, 35].

5. Restrictive cardiomyopathy

5.1 Definition

Restrictive cardiomyopathy (RCM) is defined as the presence of restrictive 
filling in combination with normal or decreased diastolic ventricular volume in one 
or both ventricles. The systolic function is normal or only slightly impaired [11]. 
Different underlying causes may result in normal or increased wall thickness [36].

5.2 Clinical features

Since either one or both ventricles can be affected, both left and right ventricu-
lar failure may occur. Symptoms of right ventricular failure generally predominate 
(ascites, peripheral edema), but breathlessness as a symptom of left-sided heart 
failure occurs as well [36]. In an advanced stage of the disease all signs of heart 
failure, except cardiomegaly, develop [36]. Certain findings are more common 
with specific etiologies, such as conduction disturbances in amyloidosis [37] 
and sarcoidosis, and atrial fibrillation in idiopathic RCM and amyloidosis [36]. 
Overall, conduction disturbances as well as arrhythmias occur frequently [38]. 
Distinguishing RCM from constrictive pericarditis (which presents with similar 
findings) can be challenging, but is important due to the differences in prognosis 
and management [36, 39].

5.3 Epidemiology

Epidemiologic data is scarce, but RCM has been described as the least common 
cardiomyopathy [36].
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5.4 Etiology

RCM can be idiopathic or familial. Furthermore, there are a number of different 
local or systemic disorders that can cause RCM [36]. Endomyocardial fibrosis is 
believed to be the most common cause of RCM [40]. It is endemic to parts of Africa, 
Asia, South and Central America, but can occur elsewhere sporadically [36]. It pre-
dominantly affects children and adolescents. The etiology is not known [40]. Other 
endomyocardial causes of RCM include radiation and metastatic cancers. Infiltrative 
diseases causing RCM include cardiac amyloidosis and sarcoidosis. Finally, RCM can 
develop due to storage diseases, such as hemochromatosis [36].

5.5 Treatment

Prognosis is poor, especially in children, where the 2-year survival rate is less 
than 50% [41]. Treatment serves to manage heart failure and, if possible, treat the 
underlying disease [38]. Venous congestion is treated with diuretics, used with cau-
tion as to avoid reducing filling pressures and decrease cardiac output [36]. Since 
atrial fibrillation can increase diastolic dysfunction, maintaining sinus rhythm is 
of importance and antiarrhythmic agents may be indicated [36]. Beta-blockers 
and calcium channel blockers are sometimes not tolerated, and should be carefully 
introduced if needed. Regarding ACE-inhibitors and ARB, there is not much proof 
of benefit and they are not always tolerated, but can be considered [38]. Due to 
the propensity for thrombus to form in the left atrial appendage, anticoagulation 
may benefit most patients [36, 38]. Selected patients may be candidates for heart 
transplantation or left ventricular assist device [38].

6. Arrhythmogenic cardiomyopathy

6.1 Definition

In ACM, the ventricular myocytes are replaced by fibrofatty tissue [42]. The 
myocardial atrophy is progressive, starting in the epicardium, it becomes transmu-
ral with time and leads to wall thinning [42]. ACM was previously known as ARVC 
or ARVD where the D stands for dysplasia, which it was originally characterized 
as [42]. With time it has become apparent that there are variants where the left 
ventricle is more severely involved than the right, which is the reason some have 
suggested an updated terminology [42]. Notwithstanding, the fibrofatty tissue 
replacement often occurs in a “triangle of dysplasia”, involving the right ventricular 
inflow, outflow and apex [3]. In the 2008 classification by the ESC, the term ARVC 
is used. In 2019 the Heart Rhythm Society published a consensus statement on 
ACM, where ARVC and arrhythmogenic left ventricular cardiomyopathy were 
considered to be separate cardiomyopathies with specific phenotypes, under the 
umbrella of the term ACM [43].

In their 2008 classification, the ESC defines ARVC as dysfunction of the right 
ventricle, with or without left ventricular involvement, in the presence of histologi-
cal evidence and/or ECG abnormalities in accordance with published criteria [3]. 
These include, but are not limited to, epsilon waves in leads V1-V3, inverted T-waves 
in leads V1-V3 or beyond in people above 14 years of age in the absence of right 
bundle branch block and sustained or nonsustained ventricular tachycardia of left 
bundle-branch morphology with superior axis [44]. The diagnostic criteria for 
ARVC are subdivided into major and minor criteria, where diagnosis requires two 
major criteria, or one major criterion in combination with two minor criteria, or 
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four minor criteria from different categories. The categories are global or regional 
dysfunction and structural alterations, tissue characterization of walls, repolariza-
tion abnormalities, depolarization or conduction abnormalities, arrhythmias, and 
family history [44]. Variants of the disease, such as Naxos disease and Carvajal 
syndrome, albeit rare, present with a specific phenotype and are considered cardio-
cutaneous entities; they share the presentation and risk of common ARVC [45, 46].

6.2 Clinical features

The presentation of ACM varies greatly; while some patients are asymptomatic, 
others suffer from supraventricular arrhythmias, ventricular tachycardia, right-
heart failure [47], or even biventricular heart failure [48]. In addition to this, ACM 
is one of the most common causes for SCD among young people [42], and one 
study has reported that 10% of SCDs (in people between 1 and 65 years of age) can 
be attributed to ARVC [47]. A retrospective study found that among 130 patients 
with ARVC, overall mortality was primarily of cardiovascular origin, where heart 
failure accounted for two thirds of the cardiac deaths and SCD for the remaining 
one third [49].

6.3 Epidemiology

The prevalence of ARVC has been estimated to range between 1:1000 and 
1:5000 in adults [50, 51].

6.4 Etiology

ACM is usually familial, with an autosomal dominant pattern of inheritance. 
The majority of patients have at least one disease-causing variant of a gene coding 
for a desmosomal protein [43]. The protein plakoglobin is reported to be implicated 
in ACM, most notably in the autosomal recessive form Naxos disease [52]. Another 
autosomal recessive variant of ACM is Carvajal syndrome [46].

6.5 Treatment

Competitive exercise has been shown to increase the risk of SCD in adolescents 
and young adults five-fold [53], and frequent exercise increases the risk of ARVC 
diagnosis, ventricular arrhythmias and heart failure among carriers of desmosomal 
mutations [54]. Consequently, it is a class I recommendation from the ECS that 
patients with ARVC must refrain from competitive- and endurance sports, and a 
class IIa recommendation that they do not participate in any athletic activities (with 
the possible exception of recreational low-intensity sports) [48].

Regarding medical therapy, beta-blockers should be considered in all ARVC 
patients, and are specifically recommended for those with recurrent ventricular 
tachycardia or ICD shocks (either appropriate, or inappropriate shocks due to 
supraventricular tachycardias). Antiarrhythmic drugs can be used to prevent 
ventricular arrhythmias. Amiodarone, by itself or combined with beta-blockers, 
has been suggested by available evidence as the most effective alternative. It has not 
been proven to prevent SCD [48]. Patients who develop heart failure should receive 
standard medical treatment [48].

There is no proof that catheter ablation prevents SCD in ARVC, but it can reduce 
the recurrence of ventricular tachycardia. It is recommended in patients with inces-
sant ventricular tachycardia and those who experience frequent appropriate ICD 
shocks despite maximal tolerable medical therapy [48].
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Preventing SCD is the most important goal of treatment [42]. The only therapy 
that has been proven to be life-saving is ICD, but the benefit must be weighed 
against the significant morbidity due to inappropriate shocks and device-related 
complications [42]. Indications for ICD are based on risk stratification, where 
patients are divided into one of three categories based on their risk factors for major 
arrhythmic events. As a final option, when patients suffer from severe congestive 
heart failure unresponsive to other treatment, or recurrent ventricular tachycardia 
or -fibrillation despite ablation and/or ICD therapy, heart transplantation is recom-
mended [48].

Patients should be followed-up clinically and with ECG, echocardiography, 
24-h Holter monitoring, and exercise-testing at regular intervals throughout their 
lives [48].

7. Unclassified cardiomyopathy

In the 2008 position statement from the ESC regarding classification of the 
cardiomyopathies, left ventricular non-compaction (LVNC) and takotsubo cardio-
myopathy are regarded as unclassified cardiomyopathies [3]. Since this chapter is 
structurally based on the position statement, these two conditions will be briefly 
described. The group of cardiomyopathies that are deemed unclassified, however, 
has varied over time. In 1980, the WHO included, among others, endocardial 
fibroelastosis and Fiedler’s myocarditis [2]. 15 years later, when the updated clas-
sification by the WHO was published, non-compaction cardiomyopathy, systolic 
dysfunction with minimal dilatation and mitochondrial cardiomyopathies were 
added to the unclassified cardiomyopathies [11, 55]. The future most certainly holds 
exciting advances in this field, and it is not a stretch of the imagination to think that 
this category will continue to evolve in the years to come.

7.1 Takotsubo cardiomyopathy

7.1.1 Definition

Takotsubo cardiomyopathy was first described in 1990. The name refers to a 
Japanese octopus-trap that bears likeness to the end-systolic left ventriculogram 
seen in the condition [56]. Sometimes referred to as transient left ventricular apical 
ballooning syndrome, takotsubo cardiomyopathy leads to regional systolic dys-
function of the left ventricular apex and/or mid-ventricle. For diagnosis, coronary 
disease should be excluded by coronary angiography [3]. Since ST-segment eleva-
tion and positive troponin is seen in more than 80% of patients [57], the diagnosis 
is often not considered until after coronary angiography is performed. In their 
2016 position statement, the ESC refers to takotsubo as a syndrome rather than a 
cardiomyopathy, with the motivation that the diagnosis is based on a set of clini-
cal observations - which is what defines a clinical syndrome. Since the patients do 
not appear to have a primary heart muscle disorder, no common genetic etiology 
has been identified, and most recover fully - takotsubo is likely different from the 
primary cardiomyopathies [58].

7.1.2 Clinical features

The first symptom is usually chest pain, which affects most of the patients. 
The condition highly resembles an acute coronary syndrome. Dyspnea is another 
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common presentation [57]. Although the disease is generally considered benign, 
more than half of patients experience some form of complication [58]. Between 4% 
and 20% of patients develop cardiogenic shock [58], and 1.5% go into ventricular 
fibrillation [57]. Most patients have clear left ventricular dysfunction when they are 
admitted, but in weeks the cardiac function improves drastically [57]. Left ventricu-
lar EF usually recovers within three months, while ECG and elevated BNP levels may 
persist for up to a year or, sometimes, become permanent [58]. However, one ret-
rospective observational study has found that early and late mortality in takotsubo 
cardiomyopathy is similar to the numbers seen in acute myocardial infarction [59].

7.1.3 Epidemiology

It has been estimated that approximately 2% of ST-segment elevation myocar-
dial infarctions are in fact takotsubo cardiomyopathy. Out of all patients, most are 
post-menopausal women, about 90% [57].

7.1.4 Etiology

The exact pathophysiology is unknown, although several theories have been pre-
sented. Multivessel coronary vasospasm, coronary microvascular dysfunction and 
elevated levels of catecholamines leading to cardiotoxicity are found among these 
[57]. Often, the debut is preceded by emotional or physical stress, but in a minority 
of patients no such stressor can be identified [57]. Because of this, the term broken 
heart syndrome is sometimes used for the condition [60]. However, in a small 
number of patients takotsubo is triggered by a positive emotional experience [61].

7.1.5 Treatment

No randomized clinical trials that can form a basis for treatment recommenda-
tions exist. The ESC Heart Failure Association has proposed a risk stratification 
system, including among others age, systolic blood pressure, and pulmonary 
congestion, to be used for choosing the appropriate approach. In patients without 
complications and a left ventricular EF of over 45%, early discharge from hospital 
may be considered. Heart failure medications, including beta-blockers, should be 
considered in patients with an EF between 35 and 45%, who are otherwise at low 
risk. According to some experts, vasoactive drugs such as ACE inhibitors, should 
not be given to patients with a normal cardiac output, as takotsubo may be associ-
ated with low peripheral vascular resistance [58].

Higher risk patients (risk factors include, but are not limited to, age 75 or above, 
EF below 35%, and systolic blood pressure less than 110 mmHg) with takotsubo 
cardiomyopathy should be monitored for at least 72 hours after presentation 
with continuous ECG. It is recommended to avoid sympathomimetic drugs. Beta-
blockers may be considered in hemodynamically stable patients, and patients with 
tachyarrhythmias. Patients with a hemodynamically significant left ventricular 
outflow tract obstruction should be considered for treatment with a beta-blocker 
of selective alpha1-agonist. Cardiogenic shock in patients with takotsubo car-
diomyopathy can be managed with temporary left ventricular assist devices and 
extracorporeal membrane oxygenation, or low-dose levosimendan infusion. Other 
inotropes are generally contraindicated, owing to the possible worsening of status 
and outcome due to their activation of catecholamine receptors [58].

Low risk patients should be followed-up for 3 to 6 months, with cardiac imaging 
and a review of the medication [58].



Cardiomyopathy - Disease of the Heart Muscle

14

7.2 Left ventricular non-compaction

7.2.1 Definition

LVNC is characterized by deep intertrabecular recesses in the left ventricle 
[62], resulting in a “spongy” morphological appearance [6]. LNVC often leads to 
a thickened myocardial wall, due to thickening of the endocardial layer, but the 
epicardium is compacted and thin (Figure 4). Dilation of the left ventricle and 
systolic dysfunction occur in some patients [3]. In their 2008 classification, the 
ESC commented that it is unclear whether LVNC is a distinct cardiomyopathy or a 
morphology seen in several different cardiomyopathies. Echocardiographic diagno-
sis is based on the Jenni criteria consisting of four criteria: absence of other cardiac 
abnormalities, end-systolic ratio between non-compacted endocardial myocardium 
and compacted epicardial myocardium of >2, hyper-trabeculation localized to the 
apex/mid-inferior/mid-lateral areas, and color doppler with blood flow from the 
ventricle into deep intertrabecular recesses that do not communicate with coronary 
vessels [64].

7.2.2 Clinical features

The dominating clinical manifestations are heart failure, arrhythmias and 
embolism due to thrombi forming within the intertrabecular recesses, but the 
presentation varies and some patients are asymptomatic [65]. One study reports 
chronic atrial fibrillation in 26% of LVNC patients, and ventricular tachycardia 
in 41% [66]. In the same study, 50% of all deaths were SCD. Non-compaction of 
both ventricles has been reported [67], but since the right ventricular apex is often 
highly trabeculated, the distinction between normal and pathological patterns 
is difficult and the existence of right ventricular non-compaction is therefore 
 disputed [65, 66].

7.2.3 Epidemiology

The prevalence is unknown, and the results of studies vary. One echocardio-
graphic study estimated a prevalence in the general population of 0.05% [67], 
another prevalence estimation based on patients referred to an echocardiography 
laboratory was 0.014% [66].

Figure 4. 
A thick, non-compacted myocardium in the left ventricular wall. Transthoracic echocardiogram, during systole, 
apical long-axis view. Image from Mattsson et al. [63]. Published by BMC Cardiovascular Disorders under 
open access https://creativecommons.org/licenses/by/4.0/.
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7.2.4 Etiology

LVNC is believed to occur when compaction of the myocardial fibers and mesh-
work is arrested during intrauterine development [62]. Normally, the intertrabecu-
lar recesses seen in LVNC are transformed to capillaries during 5 to 8 weeks of fetal 
development [68]. Serial echocardiographic studies where LVNC was not diagnosed 
in the first echocardiogram, however, suggest that it could be an acquired condition. 
The fact that LVNC is associated with mutations in sarcomere protein genes found 
in patients with both DCM and HCM, is another reason to ask the question whether 
LVNC could develop later in life [69].

There are descriptions of both familial and non-familial cases, and LVNC can be 
isolated or associated with other congenital heart anomalies [6]. The disease is clas-
sified as a primary genetic cardiomyopathy by the AHA [6]. Apart from mutations 
in sarcomeric proteins, LVNC can be linked to mutations in mitochondrial, Z-disc 
or cytoskeletal proteins [69]. The predominant mode of inheritance is autosomal 
dominant with incomplete penetrance, but autosomal recessive and X-linked pat-
terns occur as well. Approximately one in four patients has a familial form [70].

7.2.5 Treatment

No specific treatment for LVNC exists [69]. Heart failure is treated with stan-
dard medical therapy. Yearly ambulatory ECGs for monitoring to assess rhythm 
disturbances, since these occur frequently in LVNC, should be performed [65]. In 
a long-term follow-up of 34 adult LVNC patients, thromboembolic complications 
were reported in 24%; thus the authors recommended that oral anticoagulation for 
all patients diagnosed with LVNC should be considered [66]. Another study found 
systemic embolization in 3 of their 8 patients [71]. In an article published in 2011, 
the authors recommend oral anticoagulation only in patients with an EF <40%, 
since they have never observed thromboembolic complications in a patient in sinus 
rhythm with a preserved EF [69]. There are no guidelines regarding anticoagulation 
in LVNC patients, and there is no general consensus in clinical practice [72].

8. Conclusions

The vast complexity that surrounds the diseases of the heart muscle can make 
the diagnosis and management of cardiomyopathy patients challenging. However, 
since the prevalence of heart failure and life-threatening arrhythmias is high among 
patients with cardiomyopathy it is crucial to correctly identify the patients and risk 
stratify. So far, as guidelines specific for heart muscle disease are not available for 
all its forms, treatment follows general guidelines for arrhythmias and heart failure. 
European or world-wide registries would offer most valuable insights and illumi-
nate the future management of cardiomyopathies.
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Abstract

In 1957, Wallace Brigden published an article on the Lancet, such as uncommon
myocardial diseases: the non-coronary cardiomyopathy. In this article, he men-
tioned that “the term cardiomyopathy is used here to indicate isolated noncoronary
myocardial disease.” Then “cardiomyopathy” has become a commonly used term in
the cardiovascular field, and has been defined and classified by many researchers
and academic societies. The basic concept of cardiomyopathy is a group of diseases
with mechanical and/or electrophysiological dysfunction of the ventricles, and car-
diomyopathy is distinguished with normal ischemic heart disease, valvular disease,
and hypertensive heart disease. It can often cause heart failure and cardiac death. In
this chapter, we describe the classification, details, and treatment of cardiomyopa-
thy, and iPS cell from pathological myocardium.

Keywords: cardiomyopathy, classification, dilated cardiomyopathy, differentiation
of dilated cardiomyopathy, hypertrophic cardiomyopathy, treatment of
cardiomyopathy, human- induced pluripotent stem cell

1. Introduction

Goodwin et al. stated that, “the term cardiomyopathy has come into use to
describe disorders of the heart, not primarily due to rheumatic, hypertensive,
coronary-artery, thyroid, or congenital disease” [1]. They mentioned that the defi-
nition of cardiomyopathy is not completely satisfactory, but cardiomyopathy is a
subacute or chronic disorder of the myocardium of unknown or unclear etiology,
often with associated endocardium and sometimes with pericardial involvement.
However, atherosclerosis does not cause cardiomyopathy. They described that the
classification of cardiomyopathy consists of congestive heart failure including
dilated, constrictive, restrictive, obstructive, and hypertrophic cardiomyopathy.
Inheriting the concept of cardiomyopathy proposed by Goodwin et al., in 1980, the
World Health Organization (WHO)/International Society and Federation of Cardi-
ology (ISFC) task force defined “cardiomyopathies are heart muscle diseases of
unknown cause” and classified into dilated cardiomyopathy, hypertrophic cardio-
myopathy, restrictive cardiomyopathy and unclassifiable cardiomyopathy [2]. In
1982, arrhythmogenic right ventricular dysplasia (formerly known as ARVC, cur-
rently known as arrhythmogenic cardiomyopathy), which is an inherited form of
heart disease characterized pathologically by fibrofatty myocardial replacement and
clinically by prominent ventricular arrhythmias and impairment of ventricular
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systolic function, was reported [3]. Since arrhythmogenic right ventricular dyspla-
sia means a genetically determined heart muscle disorder, the term dysplasia was
replaced by cardiomyopathy. In 1995, the WHO/ISFC task force newly defined
cardiomyopathies as “diseases of the myocardium associated with cardiac dysfunc-
tion.” classified into dilated cardiomyopathy, hypertrophic cardiomyopathy,
restrictive cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy,
unclassified cardiomyopathy [4]. And then, they used the term specific cardiomy-
opathy for heart muscle disease that is clearly associated with specific cardiac or
systemic disorders.

In 2006, the American Heart Association (AHA) proposed a definition and
classification of cardiomyopathy as following: “Cardiomyopathies are a heteroge-
neous group of diseases of the myocardium associated with mechanical and/or
electric dysfunction that usually (but not invariably) exhibit inappropriate ventric-
ular hypertrophy or dilatation and are due to a variety of causes that frequently are
genetic. Cardiomyopathies either are confined to the heart or are part of generalized
systemic disorders” [5]. AHA cardiomyopathy classification roughly divided into
primary cardiomyopathy which has main lesion in the heart, and secondary cardio-
myopathy which is a systemic heart lesion. Primary cardiomyopathy is classified
into three categories: hereditary, mixed (hereditary and acquired), and acquired
(Figure 1). Genetic cardiomyopathy includes HCM, ARVC, LVNC, glucose accu-
mulation disease, cardiac conduction disorders, mitochondrial cardiomyopathy,
and ion channel disease such as LQTS, Brugada, SQTS, CPVT, IVF (Table 1). The
ion channelopathy are primary electrical diseases without gross or histopathological
abnormalities in which the functional and structural myocardial abnormalities
responsible for arrhythmogenesis are at the molecular level in the cell membrane
itself. Therefore, the basic pathological abnormality in these diseases is not identi-
fiable by either conventional noninvasive imaging or myocardial biopsy during life
or even by autopsy examination of tissue. This is a new concept of cardiomyopathy
adopted in the AHA classification. Mixed cardiomyopathy includes DCM, restric-
tive (non-hypertrophied and non-dilated), and acquired cardiomyopathy includes
myocarditis, stress-provoked (tako-tsubo), peripartum, tachycardia-induced,

Figure 1.
Definition and classification of cardiomyopathy proposed by AHA in 2006. Modified citation from Ref. [5].*
See Table 1. © 2006 American Heart Association, Inc.
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infants of insulin-dependent diabetic mothers. Tables 2 and 3 display secondary
cardiomyopathy that is almost equivalent to the previous specific cardiomyopathy
of the WHO/ISFC task force. This looks like a classification from a genetic, biomo-
lecular point of view.

On the other hand, in 2008 European Society of Cardiology (ESC) defined a
cardiomyopathy as, “a myocardial disorder in which the heart muscle is structurally
and functionally abnormal, in the absence of coronary artery disease, hypertension,
valvular disease and congenital heart disease sufficient to cause the observed myo-
cardial abnormality” [6]. Cardiomyopathies are grouped into specific

ARVC: Arrhythmogenic Right Ventricular Cardiomyopathy

CPVT: Catecholaminergic Polymorphic Ventricular Tachycardia

DCM: Dilated Cardiomyopathy

HCM: Hypertrophic Cardiomyopathy

IVF: Idiopathic Ventricular Fibrillation

LVNC: Left Ventricular Noncompaction Cardiomyopathy

LQTS: Long QT Syndrome

RCM: Restrictive Cardiomyopathy

SQTS: Short-QT Syndrome

Table 1.
List of abbreviations

Infiltrative (Accumulation of abnormal substances between myocytes (ie, extracellular))

Amyloidosis (primary, familial autosomal dominant†, senile, secondary forms)

Gaucher disease (Genetic (familial) origin)

Hurler’s disease (Genetic (familial) origin)

Hunter’s disease (Genetic (familial) origin)

Storage (Accumulation of abnormal substances within myocytes (ie, intracellular))

Hemochromatosis

Fabry’s disease (Genetic (familial) origin)

Glycogen storage disease (type II, Pompe) (Genetic (familial) origin)

Niemann-Pick disease (Genetic (familial) origin)

Toxicity

Drugs, heavy metals, chemical agents

Endomyocardial

Endomyocardial fibrosis

Hypereosinophilic syndrome (Löeffler’s endocarditis)

Inflammatory (granulomatous)

Sarcoidosis

Endocrine

Diabetes mellitus

Hyperthyroidism

Hypothyroidism

25

Cardiomyopathy: Recent Findings
DOI: http://dx.doi.org/10.5772/intechopen.97092



morphological and functional phenotypes. Each phenotype is then sub-classified
into familial and non-familial forms (Figure 2). This classification is an extension of
the WHO/ISFC classification, with genetic and non-genetic classifications based on
morphological and functional abnormalities. In 2018, Japanese Circulation Society
(JCS) has revised the cardiomyopathy clinical practice guidelines [7]. JCS defined a
cardiomyopathy as so-called primary cardiomyopathy, is divided into four types:
hypertrophic cardiomyopathy, dilated cardiomyopathy, arrhythmogenic right ven-
tricular cardiomyopathy, and restrictive cardiomyopathy (Figure 3). Some of the

Cardiofacial

Noonan syndrome (Genetic (familial) origin)

Lentiginosis (Genetic (familial) origin)

Neuromuscular/neurological

Friedreich’s ataxia (Genetic (familial) origin)

Duchenne-Becker muscular dystrophy (Genetic (familial) origin)

Emery-Dreifuss muscular dystrophy (Genetic (familial) origin)

Myotonic dystrophy (Genetic (familial) origin)

Neurofibromatosis (Genetic (familial) origin)

Tuberous sclerosis (Genetic (familial) origin)

Nutritional deficiencies

Beriberi (thiamine), pallagra, scurvy, selenium, carnitine, kwashiorkor

Autoimmune/collagen

Systemic lupus erythematosis

Dermatomyositis

Rheumatoid arthritis

Scleroderma

Polyarteritis nodosa

Electrolyte imbalance

Consequence of cancer therapy

Anthracyclines: doxorubicin (adriamycin), daunorubicin

Cyclophosphamide

Radiation

Modified citation from Reference [5]. ©2006 American Heart Association, Inc.

Table 3.
Secondary Cardiomyopathies continued.

Hyperparathyroidism

Pheochromocytoma

Acromegaly

Modified citation from Reference [5]. ©2006 American Heart Association, Inc.

Table 2.
Secondary Cardiomyopathies.
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four basic pathologies of primary cardiomyopathy overlap and are often difficult to
distinguish from each other. Diagnosis of these four primary cardiomyopathies
should be confirmed after distinguishing secondary cardiomyopathy as much as
possible. Cardiomyopathy that cannot be classified into four basic pathological
conditions at present is called unclassifiable cardiomyopathy. The classification of
JCS may be close to that of ESC.

Figure 2.
Definition and classification of cardiomyopathy proposed by ESCA in 2008. Modified citation from Ref. [6].
* See Table 1.

Figure 3.
Revised definition and classification of cardiomyopathy proposed by JSC in 2018. Modified citation from Ref.
[7]. * See Table 1.
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In 2013, Arbustini et al proposed the MOGE (S) classification of cardiomyopathy
approved by the World Heart Federation [8] (Figure 4). This is a classification
system similar to the TMM system, which is a system for staging cancers in oncol-
ogy. This is a classification that integrates cardiomyopathy by morphology and
function (M:Morpho-functional phenotype), affected organs (O:Organ/system
involvement), gene mutation (G:Genetic inheritance pattern), cause and pathology
E: Etiology), and severity (S: Stage) and obtains information necessary for treat-
ment in an easy-to-understand manner. In this way, there are many cardiomyopa-
thy classifications in the world, but it is difficult to say that they are sufficiently
unified, including the usage of terms.

2. Dilated cardiomyopathy (DCM)

DCM is a group of diseases characterized by myocardial contractile dysfunction
and dilatation of the left ventricular lumen and has a poor prognosis and progressive
disease with symptoms of chronic heart failure and repeated acute deterioration. It
also causes sudden death due to fatal arrhythmias. The initial report on the prevalence
of DCM was published in 1989. This study was analyzed using data fromMayo Clinic
and identified 45 new cases of DCM in Olmsted County, Minnesota between 1975 and
1984. The incidence of DCM doubled from 3.9 per 100,000 person-years to 7.9 per
100,000 person-years during the first 5 years. The prevalence of DCM in people
younger than 55 years was 17.9 per 100,000, and more than one-third of them were
in New York Heart Association functional III or IV at diagnosis [9].

The etiology of DCM has been unknown for a long time, but it has been divided
into familial and non-familial categories. In particular, most cases of adult-onset
DCM are considered to be caused by both familial and non-familial factors.

Figure 4.
The MOGE(S) nomenclature of cardiomyopathy. Modified citation from Ref. [8].
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Advances in molecular genetic analysis have revealed causative mutations of DCM
in more than 60 genes and truncating mutations in the titin (TTN) gene were
shown to be present 25% of familial or severe transplant DCM cases [10]. In another
report, truncation of the TTN gene was found in about 13% of non-familial DCM
cases, but also 2% of the general population [11]. Recently, a polygenic risk score
has been developed to predict the cumulative effect of multiple susceptibility genes
identified by genome-wide association studies using mathematical models, and it
has become clear that genetic variation can be affected by exogenous or environ-
mental factors [12]. In addition, the clinical impact differed by genetic mutation,
DCM patients with truncating mutations in TTN having a milder disease phenotype
at baseline and a higher incidence of reverse remodeling compared with patients
with a pathogenic lamin A/C (LMNA) mutation [13], which is one of the DCM with
poor prognosis due to the risk of sudden death [14]. Recently, other mutations such
as carriers of a specific phospholamban (PLN) mutation or truncating filamin C
(FLNC) mutations have been reported as a risk of sudden death in DCM patients
[15, 16]. The causes of non-familial DCM are still unknown. The etiology is consid-
ered to be inflammation and necrosis of cardiomyocytes caused by infectious fac-
tors such as viruses and bacteria and non-infectious factors such as autoimmunity,
drugs and stress. In fact, it has been reported that viral genomes have been detected
in the tissues of patients diagnosed with DCM [17].

3. Differentiation of DCM

As mentioned above, DCM is defined as a group of diseases characterized by
diffuse contractility disorder and dilatation of the left ventricle. Therefore, it is
necessary to exclude specific heart muscle diseases for definitive diagnosis. Specific
heart muscle indicates ischemic cardiomyopathy, valvular heart disease, and
hypertensive heart disease, inflammatory heart disease, metabolic heart disease,
myocardial disease associated with neuromuscular disease or myocardial disease
with clear association with systemic disease [4].

3.1 Ischemic cardiomyopathy

Ischemic cardiomyopathy is caused by ischemia due to coronary atherosclerosis
and it is characterized by left ventricular dilatation and contractile dysfunction,
similar to DCM. Ischemic cardiomyopathy is the most common cause of heart
failure in clinical cases and should be excluded initially. In addition to a history of
ischemic heart disease, coronary angiography or coronary computed tomography is
necessary to be differentiated. If contrast medium is not available, scintigraphy can
be used as a substitute. In rare cases, left ventricular dysfunction such as DCM may
occur due to multiple vessel coronary artery spasm, even in the absence of coronary
artery stenosis. If this is suspected on symptoms, an acetylcholine provocation test
should be considered [18].

3.2 Hypertensive cardiomyopathy

Hypertensive cardiomyopathy is similar to DCM, which presents with systolic
dysfunction as a result of histological abnormalities such as left ventricular hyper-
trophy and myocardial cell hypertrophy, interstitial proliferation and perivascular
fibrosis due to persistent hypertensive conditions. It is a pathological condition and
is characterized by efferent hypertrophy with left ventricular enlargement. In addi-
tion to the histological and functional disorders of the heart, other organ disorders
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due to sustained hypertension such as blood vessels and kidneys often contribute to
the onset of heart failure.

3.3 Amyloidosis Cardiomyopathy

Amyloidosis indicates a general team of diseases characterized by the extracel-
lular deposition of misfolded amyloid fibrils in organs. Clinically, it is roughly
divided into systemic amyloidosis in which multiple organs and peripheral nerves
are damaged, and focal amyloidosis in which amyloid deposits occur locally in an
organ or organs. Cardiac amyloidosis is one of the common infiltrative or restrictive
cardiomyopathies associated with an unfavorable prognosis. The pathophysiology
of amyloidosis is the misfolding of abnormal protein that is amyloid fibrils resulting
in its accumulation to extracellular on the affected tissues. Although there are
multiple causes of the misfolding, one of them is a gene mutation that encodes a
different amino-acid leading to the conformational change of protein [19].

Clinical outcome depends on the extent of tissue involvement and on the type of
amyloid fibril deposits. The major subtypes of systemic amyloidosis classified based
on the underlying etiologies are as follows: primary (AL) amyloidosis, Secondary
(AA) amyloidosis (or reactive amyloidosis), familial transthyretin-associated amy-
loidosis (ATTR or hereditary amyloidosis), dialysis-related amyloidosis, and senile
systemic amyloidosis. AL amyloidosis has an incidence of 1 case per 100,000
person-years in western countries. ATTR is a less common systemic type of amy-
loidosis with unknown incidence

Cardiac manifestations predominantly include symptoms of right heart failure.
Infiltration of amyloid fibrils results in stiffening and thickening of ventricles causing
decreased compliance and increased pressure altering the mechanics of ventricular
function manifesting as diastolic dysfunction. Furthermore, cytotoxic effects of amy-
loid fibrils result in apoptotic and fibrotic changes of the heart. Finally, these changes
lead to heart failure. Amyloid deposits to cardiac conduction system result in heart
block or arrhythmias [20]. Syncope due to heart block or arrhythmia may be a
marker of prognosis [20]. Atrial fibrillation (AF) is the most common arrhythmia
described in approximately 10%-20% of patients who have cardiac amyloidosis [21].

It is possible that patients of cardiac amyloidosis are completely asymptomatic or
may present with various signs and symptoms. Therefore, a diagnostic approach is
important in cases of suspected cardiac amyloidosis. Pseudoinfarction, which is low
voltage in limb leads and poor R wave progression in ECG, is one of the most
common electrocardiographic characteristics in cardiac amyloidosis. This finding
has been demonstrated in up to half of patients with AL [22]. Furthermore, amyloid
deposits also result in various arrhythmias, such as various heart blocks, AF, and
complex ventricular tachycardia [23].

The echocardiography is recommended in all patients with suspected amyloid-
osis, and findings include bilateral dilatation and thickening of ventricular wall and
valves, decreased diastolic filling, and classic granular sparkling appearance. The
wall thickness is attributed to infiltrative amyloid deposition instead of myocyte
hypertrophy [24]. Decreased left ventricular ejection fraction is of grim prognostic
significance [25]. Cardiovascular magnetic resonance imaging (CMR) is an impor-
tant diagnostic and prognostic tool in the assessment of severity of cardiac amy-
loidosis. Injury to the myocardium secondary to deposition of amyloid fibrils in the
interstitium denotes a reservoir for gadolinium accumulation leading to character-
istic late gadolinium enhancement (LGE) [26]. This technique has a sensitivity of
close to 80% and impressive specificity of 94% [27]. Strain analysis based on CMR
can be accomplished with the recent advances, a technique known as Displacement
Encoding with Stimulated Echoes with high sensitivity and specificity close to echo
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[28]. It is a highly precise modality and hold promises in generation of strain time
curves with “tissue tracking” techniques. Use of radiotracers has been used to
diagnose amyloidosis. Most commonly, 99mTc-DPD (technetium-3,3-
diphosphono-1,2-propanodicarboxylic acid) and 99mTc-PYP is used. As 99mTc-
PYP preferentially binds to ATTR relative to AL fibrils, this technique also serves as
an on invasive way to distinguish the aforementioned amyloidosis subtypes [29].
Biopsy with histopathology remains the gold standard showing deposition of amor-
phous deposits of amyloid fibrils.

Treatment can be divided into HF therapy, specific therapy for each amyloid-
osis. Chemotherapy is based on the concept of reducing the number of amyloid
fibrils and retarding the disease process. In AL, chemotherapy and autologous
hematopoietic stem cell transplant is the main stay of treatment. Chemotherapy in
AL is aimed at reducing free light chains. Bortezomib is a proteasome inhibitor that
induces rapid hematological response either alone or in combination with dexa-
methasone [30]. As mutant amyloid ATTR is produced in liver, orthotropic liver
transplantation is the established treatment since 1990. Transthyretin (TTR) tetra-
mer stabilizers (tafamidis and diflunisal) work by binding to TTR and by stabilizing
its normal tetrameric structure preventing amyloid fibril formation [31]. Drugs
such as tafamidis and diflunisal, could have role in the treatment of senile systemic
amyloidosis (SSA) which is amyloidosis that mainly affects the heart of the elderly.

3.4 Sarcoidosis

Sarcoidosis is a systemic inflammatory disease characterized by the formation of
granulomas in affected organs, especially the lungs. Diagnosis is challenging for
clinicians because various organs can be affected. The exact prevalence of cardiac
lesions in sarcoidosis is unknown due to ethnic differences, but the incidence of
sarcoidosis has been reported to 11-24 cases per 100,000 per a year in Scandinavian
countries and 1 case per 100,000 per a year [32, 33]. The incidence is higher in
women (45-60%) and the average age of diagnosis is younger in men (30-50 years)
compared to women (50-60 years) [34]. The etiology of sarcoidosis is unknown,
however, it has been reported that not only genetic factors but also living
environment and lifestyle are contributing factors [35]. The inflammatory
response in sarcoidosis is thought to involve autoimmunity, possibly including
autoantigens, although there are no specific diagnostic markers or biomarkers for
activity.

Cardiac sarcoidosis is present 2-7% of patients with sarcoidosis, and cardiac
sarcoidosis can occur without pulmonary or systemic involvement [36]. In the early
stages of the disease, ventricular wall thickening coinciding with regions of granu-
lomatous inflammation and interstitial edema is observed, and as inflammation
gradually fades and fibrosis of the lesions progresses, the base of the ventricular
septum often shows characteristic wall thinning. Regional hypokinesia of the left
and right ventricles and ventricular aneurysm are observed and if the lesion is
extensive, DCM-like pathology may be observed [37].

The detection rate of myocardial biopsies is low, and currently gadolinium-
enhanced cardiac magnetic resonance imaging is the optimal test for determining
the presence and extent of cardiac lesions. 18F-FDG-PET is useful for evaluating the
degree of granulomatous inflammation and activity of cardiac lesions [38].

3.5 Drug-induced cardiomyopathy

Drug-induced cardiomyopathy is commonly seen in clinical situations as a serious
side effect of anticancer drugs and antiretroviral therapy. In particular, patients with
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a history of cancer treatment need to be asked about what kind of anticancer drug
treatment they have received and whether they have received radiation therapy.

The most commonly identified chemotherapeutic drugs with cardiotoxicity are
anthracyclines and these drugs are still used in clinical practice [39]. It has been
reported that cutoff value for anthracycline administration to affect cardiovascular
risk is 250 mg/m2 or higher, but even lower doses can cause cardiac dysfunction
[40, 41]. With the improvement of chemotherapy outcomes, the number of long-
term survivors of childhood cancer has increased and delayed drug-induced car-
diomyopathy often develops in adulthood after anthracycline treatment in child-
hood [42].

Trastuzumab (Herceptin) is a humanized IgG kappa monoclonal antibody that
targets the extracellular domain of human epidermal growth factor receptor 2
(HER2) [43]. The HER2 has been found to be amplified 2 to 20 times or more in
30% of breast cancer patients, and gene amplification has been reported to be a
significant predictor of both survival and time to recurrence [44]. Trastuzumab-
induced cardiomyopathy usually presents as an asymptomatic decrease in left ven-
tricular ejection fraction and can lead to complications such as heart failure, but the
cardiotoxicity is transient and reversible, in addition it isn’t dose-dependent as with
anthracyclines [45, 46].

To evaluate such drug-induced cardiomyopathy, American Society of Echocar-
diography has defined that cancer therapeutics-related cardiac dysfunction as
decrease in left ventricular ejection fraction (LVEF) or greater to less than 53%. In
addition, LVEF is reevaluated after 2 to 3 weeks and is considered reversible if the
decline is within 5% of baseline, and irreversible if the improvement in EF is less
than 10% and remains below 5% of baseline. In particular, it is recommended that
the LVEF and global strain be evaluated in combination [47]. Even in facilities that
do not have echocardiography, troponin I has been reported to be elevated indicat-
ing the possibility of cardiotoxicity and measurement of troponin I is also
recommended [48].

3.6 Myocarditis

Myocarditis is an inflammatory disease in which inflammation spreads to
cardiomyocytes. Most of them are viral infections, and adenovirus, enterovirus
including the coxsackievirus B, parvovirus, cytomegalovirus and HIV are the most
frequent as causative virus of myocarditis [49]. Bacteria that causes non-viral myo-
carditis include corynebacterium infection, streptococcal infection, tuberculosis,
Whipple’s disease, and Lyme carditis. The definitive diagnosis of myocarditis is
based on myocardial biopsy and histological diagnosis. A typical finding of myo-
cardial biopsy of myocarditis is infiltration of inflammatory cells such as neutro-
phils and mononuclear cells between myocardial fibers, and a necrotic lesion such
as rupture/melting of adjacent cardiomyocytes. The interstitium becomes edema-
tous and capillary angiogenesis occurs. The prevalence of cardiomyopathy during
whole heart failure varies by age and region, but ranges from approximately 0.5% to
4.0% [50]. Although about half of myocarditis patients are cured, sudden death due
to myocarditis is not uncommon.

3.7 Alcoholic cardiomyopathy

It is one of addictive cardiomyopathy caused by long-term and heavy drinking.
In general, it is estimated that the onset occurs when 80 to 90 g/day of pure ethanol
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equivalent is ingested daily for 5 years or more. Initially, diastolic dysfunction and
left ventricular hypertrophy occur, and then the left ventricle is dilated as it pro-
gresses of pathologic state. Treatment is complete abstinence first.

3.8 Left ventricular noncompaction cardiomyopathy

Left ventricular noncompaction cardiomyopathy (LVNC) is a structural abnor-
mality of the left ventricular myocardium of unknown cause. Since LVNC is asso-
ciated with genetic disease, particularly neuromuscular disorders (NMDs) and
chromosomal defects in the majority of patients, in the AHA cardiomyopathy
classification, LVNC is classified as one of the genetic primary cardiomyopathies
[5]. Mortality of patients with LVNC ranges from 5% to 47% [51]. LVNC is charac-
terized by a two-layered structure usually of the apical and lateral left ventricular
myocardium, distal to the papillary muscles. The two-layered structure consists of
an excessive spongy endocardial layer (noncompacted layer: NC) and a compacted
epicardial layer (compacted layer: C), which is usually thinner than the endocardial
layer and NC/C ratio is 2 or more by echocardiography. In LVNC, many genetic
abnormalities have been reported such as TAZ, DTNA and LDB3 gene mutation,
and many genetic abnormalities of sarcomere protein have also been reported [51].
LVNC is usually asymptomatic, but can be complicated by heart failure, thrombo-
embolism, or ventricular arrhythmias, including sudden cardiac death. LVNC is
diagnosed primarily by echocardiography, and is frequently associated with myo-
cardial fibrosis, as shown by the presence of late gadolinium enhancement (LGE)
on CMR [51, 52].

3.9 Beriberi heart

Vitamin B1 (thiamine) is a coenzyme essential for glucose metabolism. It is
thought that thiamine supplementation is insufficient due to high-calorie infusion
and unbalanced diet during the growth period, and then deficiency occurs [53]. If
this deficiency lasts for more than 3 months, beriberi occurs.

3.10 Mitochondrial cardiomyopathy

Mitochondrial disease is a multi-organ disease characterized by oxidative phos-
phorylation disorders caused by mitochondrial dysfunction due to mutations in the
nucleus and mitochondrial DNA. Therefore, mitochondrial cardiomyopathy is often
recognized as a symptom of mitochondrial disease. The prevalence of inherited
mitochondrial disease has been estimated to be greater than 1 in 5,000 births [54]. A
common pathology of mitochondrial cardiomyopathy is a decrease in mitochondrial
ATP production capacity per one cardiomyocyte [55]. Since the myocardium is an
organ that continuously consumes energy through aerobic metabolism, ATP defi-
ciency is directly linked to a decrease in myocardial contractility. Many nuclear and
mitochondrial DNA mutations associated with mitochondrial cardiomyopathy have
been reported. Typical mitochondrial diseases MELAS (mitochondrial myopathy，
encephalopathy，lactic acidosis and stroke-like episodes), MERRF (myoclonus epi-
lepsy associated with ragged-red fibers), CPEO (chronic progressive external
ophthalmoplegia), and KSS (Kearns-Sayre syndrome) also develop mitochondrial
cardiomyopathy. The typical cardiac manifestations of mitochondrial cardiomyop-
athy are diverse such as hypertrophic and dilated cardiomyopathy, arrhythmias, left
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ventricular myocardial noncompaction, and heart failure, and may worsen rapidly
due to infection or sudden death due to lethal arrhythmia [55].

3.11 Anderson-Fabry disease

Anderson-Fabry disease (AFD) is an X-linked hereditary glycolipid metabolism
disorders due to deficient activity of the enzyme alpha-galactosidase A (α-Gal A)
located on the X-chromosome (Xq22.1) resulting in progressive lysosomal deposition
of globotriaosylceramide (GL-3) in cells throughout the body [56]. AFD is one of sex-
linked recessive inheritance diseases. This indicates that all hemizygous men are
affected, whereas their daughters are obligate heterozygous carriers. However, AFD
is a disease that is more likely to onset the disease in heterozygotes (female). In
female, it is thought that one of the two X chromosomes is inactivated. In a female
who is heterozygotes, when the rate of inactivation of the X chromosome with the
mutant allele is high, it is close to normal. On the other hand, when the rate of
inactivation of the X chromosome with normal allele is high, symptoms of AFD will
appear. Females with AFD tend to develop and diagnose symptoms later than males.
In classic of AFD, glycosphingolipid accumulates in organs throughout the body
especially in the skin, kidneys, nerves, eyes, and heart, on the other hand, a cardiac
variant phenotype or a renal variant phenotype lack systemic findings and present
with organ-specific symptoms [56, 57]. Since the heart is involved in up to 70% of
patients who have AFD, the diagnostic procurer of AFD include the cardiac diagnosis
strategy such as baseline ECG, echocardiography and CMR with or without symp-
toms. The typical cardiac manifestations of AFD often mimic hypertrophic cardio-
myopathy [58]. That is, it is recognized as a disease that causes cardiac hypertrophy
and is classified as one of secondary cardiomyopathy. So clinically, the distinction
between sarcometic HCM and AFD is extremely important. CMR is an excellent way
to non-invasively diagnose cardiac involvement in AFD. Non-contrast T1 mapping of
CMR significantly displays lower value in AFD, compared to healthy volunteers and
patients with other confounding diseases [59].

3.12 Peripartum cardiomyopathy

Peripartum cardiomyopathy is a dilated cardiomyopathy-like state in women
who have no history of heart disease during pregnancy or childbirth. In some cases,
severe heart failure associated with postpartum cardiomyopathy is developed.
Although the detailed mechanisms of postpartum cardiomyopathy are still
unknown, the causes are thought to be hemodynamic changes due to pregnancy,
preeclampsia, viral infections, allergies, nutritional disorders, etc. In Japan, the
prevalence of peripartum cardiomyopathy has been estimated 1 in 10,000 to
20,000 births [60]. This is a lower rate than that of the United States [61]. How-
ever, the prevalence rate is increasing year by year due to the aging of pregnant
women, improvement of reproductive technology, and improvement of cardiomy-
opathy diagnosis rate.

3.13 Cardiomyopathy in muscular dystrophy

Muscle dystrophy is heterogeneous group of disorders characterized by genetic
and progressive degeneration of skeletal muscle and muscle weakness [62]. In Japan
the overall incidence of this disease is estimated as 2 to 3 out of 100,000. Duchenne
muscular dystrophy (DMD), Becker muscular dystrophy (BMD) are X-linked
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recessive (Xp21), Emery- Dreifuss Muscular Dystrophy (EDMD) is X-linked reces-
sive (Xq28 in EDMD1, Xq26 in EDMD 6), Autosomal dominant (EDMD2; LMNA
gene at 1q21), autosomal recessive (EDMD3, also involving the LMNA gene at
1q21), Limb Girdle Muscular Dystrophy (LGMD) is usually autosomal recessive
(LGMD2C. 2D, 2E & 2F: sarcoglycanopathies; LGMD2I: mutation of fukutin-related
protein gene; 19q), Rarely autosomal dominant (LGDM1; 1B due to mutation of the
LMNA gene encoding lamin A/C), and Myotonic Dystrophy (DM) is autosomal
dominant: type 1 (DM1, Steinert’s disease): unstable expansion of CTG the myo-
tonic dystrophy protein kinase gene (DMPK) on chromosome 19q13.3, type 2
(DM2): CCTG tetranucleotide repeat expansion in intron 1 of the zinc finger pro-
tein 9 gene (ZNF9) on chromosome 3q21.3 [63]. Almost all DMD patients develop
cardiomyopathy early on, on the other hand, symptom progression in BMD patients
is slow but may present with severe heart failure [64, 65]. Cardiomyopathy in
EDMD patients develops in the same way as that of DMD patients [ 66]. LGMD
patients develop sinus node dysfunction, atrioventricular node dysfunction, ven-
tricular arrhythmias as cardiomyopathy manifestations [67]. Common cardiomy-
opathy manifestations in DM1 and DM2 patients are atrioventricular and
intraventricular conduction defects. Infra-hisian block is likely an important cause
of sudden death in these patients [68, 69].

4. Hypertrophic cardiomyopathy (HCM)

Hypertrophic cardiomyopathy (HCM) is the common primary cardiomyopathy,
with a prevalence of 1:500 persons [64]. It is defined as left ventricular hypertrophy
without chamber dilation and is caused by gene mutations that encode 8 sarcomere
proteins: beta-myosin heavy chain (MYH7), cardiac myosin-binding protein C
(MYPBC3), cardiac troponin T (TNNT2), cardiac troponin I (TNNI3), cardiac actin
(ACTC), alpha-tropomyosin (TPM1), essential myosin light chain (MYL3) and
regulatory myosin light chain (MYL2) [70]. Mutations in MYH7 and MYPBC3 often
occur and account for approximately 50% of HCM cases, while mutations in
TNNT2, TNNI3, ACTC, TPM1, MYL3 and MYL2 collectively account for less than
20% of HCM cases [71]. Septal thickening predominates and may cause left ven-
tricular outflow tract obstruction or mitral valve dysfunction [65]. Phenotypic
expression is variable. Many patients with HCM are asymptomatic and are diag-
nosed during family screening, by incidentally after an abnormal result on electro-
cardiography. Presenting signs and symptoms most characteristic of HCM include
atypical chest pain and sudden cardiac death (SCD). Patients who are diagnosed
with HCM may have a family history of unexplained sudden cardiac death. ECG
often show left ventricular hypertrophy and Q waves, and echocardiography often
show hypertrophy of the left ventricle coupled with reduction in ventricular cham-
ber volume [66].

The natural history of HCM is quite variable. Signs and symptoms range from
none, to atrial fibrillation, heart failure, embolic stroke and SCD. In heart failure in
HCM, since decreased left ventricular diastolic function due to cardiac hypertrophy
is the basic pathology of HCM, three categories of HCM patients emerged [67]: (1)
patients with obstruction at all times, (2) patients without obstruction in the basal
state in whom obstruction could be provoked, (3) patients without obstruction in
whom obstruction could not be provoked. The severity of the outflow gradient is
related to prognosis, and diastolic failure is a common dysfunction of HCM patients
[68]. Ventricular fibrillation is one of cause of SCD in HCM. All patients with HCM
should undergo risk stratification for SCD and be evaluated for placement of an
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implantable cardioverter-defibrillator [69]. Additionally, these devices are
recommended for secondary prevention of SCD when there is any personal history
of ventricular fibrillation or sustained ventricular tachycardia [64]. Although the
main goals of therapy in HCM patients are to decrease exertional dyspnea and chest
pain and prevent SCD, about 25% of HCM patients achieve normal longevity.
Particular the MYPBC3 variant carries a good prognosis.

5. Arrthymogenic cardiomyopathy (ACM)

As mentioned in history of classification in cardiomyopathy, ARVC was one of
cardiomyopathies characterized by right ventricular enlargement, decreased right
ventricular wall contractility, and right ventricular tachycardia due to myocardial
cell shedding and fibrofatty replacement in right ventricle. However, although the
original article defines as disease phenotype characterized by predominant involve-
ment of right ventricular dysfunction, recent reports show increased left dominant
and biventricular forms. Therefore, the recent recognition of the term of ARVC has
been replaced by arrthymogenic cardiomyopathy (ACM) [72].

ACM is an inherited heart disease characterized pathologically by fibrofatty
myocardial replacement and clinically by prominent ventricular arrhythmias and
impairment of ventricular function including both ventricles. The classical ARVC
phenotype in ACM shows the right ventricle with fibrofatty infiltration, regional
dilatation and aneurysm formation at the right ventricular inflow tract, outflow
tract and the right ventricular apex which are called as triangle of dysplasia. Phe-
notype of left ventricular dominant type of ACM is characterized by the early left
ventricular (LV) involvement with arrhythmias prior to gross structural alterations,
on the other hand global RV function of this type is preserved. Biventricular ACM is
characterized by early involvement of both ventricles with disease progression
characterized by systolic impairment and biventricular dilation, with clinical fea-
tures of global congestive heart failure, and ventricular arrhythmias originating
from either ventricle at an early stage. Frequency of occurrence of ACM has been
estimated at 1:1000 to 5,000, and it often occurs in the 30s, and the Sudden Cardiac
Death in the Young |Ten Points to Remember disease declared by American College
of Cardiology includes ACM as ARVC [73–75]. In ACM, there are gene abnormali-
ties of the desmosome proteins which works in adhesion between cardiomyocytes,
and gene abnormalities in the ryanodine receptor (RyR2) gene, which is a Ca2 +

handling protein. The desmosomal complex is formed the trans-membrane proteins
(cadherins), desmocollin-2 (DSC2), desmoglein-2 (DSG2), desmoplakin (DSP), the
linker armadillo proteins plakoglobin (JUP) and plakophi-lin-2 (PKP2). JUP and
PKP2 are mediators between the cadherins and DSP. Mutations in PKP2, DSP, and
DSG2 are identified in up to 80% of confirmed pathogenic mutations. PKP2
accounts for 36–92% of mutations identified in desmosomal genes [72].

6. Restricted cardiomyopathy (RCM)

RCM is characterized by limited filling of one or both ventricles, reduced dia-
stolic volume, and normal or near-normal contractility and wall thickness [76].
Ventricular wall thickness and contractility are almost normal, but diastolic volume
decreases due to decreased myocardial compliance, resulting in heart failure.
Endocardial fibrotic thickening and myocardial fibrosis may also be present.
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7. Treatment of cardiomyopathy

7.1 Medical treatment of cardiomyopathy

Treatment of symptomatic heart failure associated with various cardiomyopathy
should follow current guideline for the management of heart failure from American
College of Cardiology/American Heart Association or guidelines for the diagnosis
and treatment of acute and chronic heart failure from European Society of Cardiol-
ogy [77, 78]. Beta blocker, angiotensin-converting enzyme inhibitor (ACEi), angio-
tensin receptor blocker (ARB), diuretics, angiotensin receptor-neprilysin inhibitor
(ARNI), or sodium/glucose cotransporter 2 (SGLT2) blocker are used as pharma-
cologic therapy, when cardiomyopathy is associated with systolic dysfunction [79].
Patients with more severe heart failure symptoms should be evaluated for place-
ment of an implantable cardioverter-defibrillator, and may require cardiac trans-
plantation in refractory cases.

7.2 Mavacamten: new treatment for HCM

Mavacamten selectively inhibits cardiac myosin ATPase leading to reducing
actin–myosin cross-bridge formation [80]. As a result, it is expected that
mavacamten will improve pathophysiology of hypertrophic cardiomyopathy such
as left ventricular outflow tract (LOVT) obstruction, decreased left ventricular
filling. In preclinical and early clinical studies of mavacamten succeeded reduction
of LVOT gradients and improved parameters of left ventricular filling [81, 82]. In
the phase 2, PIONEER-HCM study revealed that mavacamten was well tolerated
and significantly reduced post-exercise LVOT gradients in obstructive HCM [83].
On the basis of these results, the short-term results of the phase 3 EXPLORER-HCM
trial have been published. EXPLORER-HCM was a phase 3, multicentre,
randomised, double-blind, placebo-controlled trial [84]. Eligible patients were aged
at least 18 years with a diagnosis of obstructive HCM; peak LVOT gradient at least
50 mm Hg at rest, after Valsalva manoeuvre or exercise; left ventricular ejection
fraction (LVEF) at least 55%; and NYHA class II–III symptoms. The patients had to
be able to safely perform upright cardiopulmonary exercise testing (CPET). Finally,
429 adults were assessed for eligibility, of whom 251 (59%) were enrolled. In the
placebo group, post-exercise LVOT gradient had changed from 84mmHg to
73mmHg after 30weeks, meanwhile that of the mavacamten group improved from
86 mmHg to 38 mmHg (difference from the placebo group: -36 mmHg, 95% CI:-
43.2 to -28.1 mmHg, P <0.0001). The average increase in pVO2 was also signifi-
cantly greater in the mavacamten group than in the placebo group (1.4 mL / kg /
min, 95% CI: 0.6-2.1 mL/kg/min, P = 0.0006). The number of patients whose
NYHA classification improved by 1 degree or more was 40 of 128 (31%) in the
placebo group and 80 of 123 (65%) in the mavacamten group (difference between
groups: 33.8%, 95% CI: 22.2-45.4%, P <0.0001). Treatment with mavacamten
improved exercise capacity, LVOT obstruction, NYHA functional class, and health
status in patients with obstructive HCM. EXPLORER-HCM trial is ongoing to assess
long-term (5 year) efficacy and safety.

7.3 Surgery for dilated and hypertrophic cardiomyopathy

Cardiomyopathy is categorized as a disease of the cardiomyocytes and is com-
plicated with heart failure due to reduced ejection fraction or diastolic dysfunction.
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Moreover, mitral valve regurgitation (MR) and ventricular arrhythmia are com-
monly associated with cardiomyopathy. Surgical treatment for cardiomyopathy is a
combination of maneuvers on the ventricle, mitral annulus and leaflets. We herein
summarize the current surgical management of dilated and hypertrophic obstruc-
tive cardiomyopathy (HOCM).

7.4 Hypertrophic cardiomyopathy

In patients with HOCM, heart failure is caused by left ventricular outflow tract
(LVOT) obstruction, mitral valve dysfunction due to systolic anterior motion and
diastolic dysfunction. Surgical treatment should relieve such dysfunctions, and the
use of a mitral prosthetic valve should be avoided if possible.

7.4.1 Procedures on the left ventricle

Septal hypertrophy is a typical physiological feature of HOCM. Echocardiogra-
phy during exercise is a reliable diagnostic modality and could provide significant
prognostic information [85]. Peteiro and colleagues reported that, as only 13% of
patients presented with LVOT obstruction at rest, 27% developed exercise-induced
LVOT obstruction [85]. Cui and colleagues proved that septal hypertrophy with a
significant LVOT pressure gradient truly generated obstruction of blood flow to the
aorta [86]. Different from aortic valve stenosis, increased LVOT gradient caused
decreased stroke volume [86]. In addition, the efficacy of septal myectomy was
compared with valvular aortic stenosis. After myectomy with a normalized LVOT
gradient, the aortic flow pattern returned to normal [86]. Therefore, septal
myectomy is the principal surgical maneuver for HOCM. The improvement in
stroke volume after myectomy explains the improvement in exercise capacity post-
operatively [86]. Furthermore, Parbhudayal and colleagues compared myectomy
for HOCM with aortic valve replacement for valvular stenosis and reported reverse
remodeling after surgery [87]. They reported that recovery of systolic function was
only observed after aortic valve replacement, while patients with HOCM demon-
strated systolic functional deterioration, which was a negative impact of septal
myectomy on cardiac function and was associated with ongoing pathophysiological
conditions [87].

The spectrum of HOCM is of great variety in terms of location and severity of
hypertrophy, positional relationship between the septum and anterior mitral leaflet
and papillary muscles. For patients with mid-ventricular hypertrophy, broad
myectomy concomitant with mitral valve replacement is necessary to relieve dila-
tation dysfunction.

7.4.2 Procedures on the mitral valve

Both ventricular hypertrophy and structural abnormalities of the mitral valve
are frequently found in HOCM. An elongated anterior mitral leaflet is commonly
associated with systolic anterior motion and MR. Regarding surgery for MR,
analysis of the Society of Thoracic Surgeons database suggested that mitral etiology
was not significantly associated with an incremental risk of early mortality [88].

Systolic anterior motion is associated with anomalously elongated anterior mitral
leaflet. Balaram and colleagues recommended that the standard maneuver for the
mitral leaflet was horizontal plication through the aortic valve when the anterior
mitral leaflet was elongated by 30 mm, and the standard technique is plication of the
leaflet, usually performed through the aortic valve [89, 90]. The plication can shorten
the leaflet length by 2–5 mm [91]. Recently, the edge-to-edge technique was reported
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to be useful in HOCM and can be applied through either the aortic valve [92] or the
left atrium [93]. Chordal cutting was also reported to be effective for relieving LVOT
obstruction through geometric modification [94].

Septal myectomy is the primary maneuver for HOCM. In addition to myectomy,
the maneuvers for the leaflet and sub-valvular apparatus are viable surgical options,
especially when septal hypertrophy is not severe.

7.5 Idiopathic and ischemic dilated cardiomyopathies

For ischemic cardiomyopathy, MR was commonly found without any prolapse
or deformity of the leaflets and chordal elongation or rupture. Such MR is usually
functional and associated with apical displacement of the papillary muscles and
dilatation of the mitral annulus. The presence of MR causes heart failure during
follow-up and significantly worsens patient prognosis. Therefore, it has been widely
accepted that surgical management of MR is crucial.

7.5.1 Procedures on the mitral valve

Ischemic or dilated cardiomyopathy causes functional MR. Patients have severe
dilatation of the left ventricle, which causes mitral annular dilatation, leaflet teth-
ering and the gap between the leaflets. Consequently, severe MR causes volume
overload, fibrosis and adverse remodeling of the ventricle [95, 96].

During mitral valve repair, annuloplasty is frequently performed for ischemic
cardiomyopathy. In the procedure, the artificial full and semi-rigid ring is
implanted to reduce the annular diameter. Noack and colleagues reported that even
for patients with poor ventricular ejection fraction of <30%, mitral valve repair
could be safely performed [97]. Xu and colleagues reported that under-sizing
annuloplasty was effective for eliminating MR [98]. Kainuma and colleagues
reported favorable remodeling, decreased tethering distance and inter-papillary
muscle distance during the follow-up period [99]. Conversely, choosing a
downsized artificial ring might cause functional mitral stenosis and recurrence of
MR compared with mitral valve replacement [100]. In some cases, ventricular or
sub-valvular reconstruction procedures are necessary to achieve successful and
durable mitral valve repair.

7.5.2 Procedures on the left ventricle

In ischemic cardiomyopathy, surgical coronary revascularization is beneficial to
achieve favorable remodeling after surgery and avoid clinical outcomes [101].
Surgical ventricular reconstruction (SVR) such as the Dor procedure and its modi-
fications contributed to improved long-term clinical outcomes with a reasonable
perioperative risk [102]. Moreover, appropriate surgical maneuver of SVR had a
significant impact on prognosis after surgery [102]. However, the clinical advantage
of SVR concomitant with coronary artery bypass graft was not demonstrated in the
STICH (Surgical Treatment for ischemic Heart Failure) trial, which was a
randomized study of SVR in ischemic cardiomyopathy [103]. Patient selection for
SVR may be an issue in the future.

7.5.3 Summary of surgery for dilated and hypertrophic cardiomyopathy

The clinical and morphological manifestations of cardiomyopathy vary greatly
depending on etiology, severity and cardiac function. Especially procedures on
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the ventricle are not necessarily beneficial in the long-term follow-up. Surgical
treatment for cardiomyopathy should be individualized for patients.

8. iPS cell development from DCM heart

Induced pluripotent stem (iPS) cell development is one of the most promising
technologies in regenerative medicine [104]. iPS cell is evoked via the epigenetic
silencing of somatic cells by the Yamanaka factors, i.e., the four transcription
factors Oct4, Sox2, Klf4, and c-Myc. Advances in iPS cell reprogramming technol-
ogy could allow aging or damaged cells to be replaced by the patient’s own rejuve-
nated cells; therefore, the clinical application of iPS cell reprogramming technology
may be a solution to the problem of age-related degenerative diseases. However,
senescent or pathologic tissue has a relatively low reprogramming efficiency com-
pared with juvenile or robust tissue, resulting in incomplete cell reprogramming.
Our laboratory developed a new reprogramming method for generating iPS cells
using pathologic somatic cells from a recipient heart that states the severe heart
failure associated with DCM [105].

For gene transfection of iPS cell differentiation, in addition to the Yamanaka
factors, GLIS1 and TET-1 were added. Gli-similar transcription factors (Glis)
belong to the group of Krüppel-like zinc-finger transcription factors, and three
GLIS genes (GLIS1–3) have been identified [106]. Yoshioka et al. reported that
Yamanaka factor RNAs with Glis-1 RNA that were purified from an RNA-
replicative vector yielded high-efficiency iPS cell reprogramming from older adult
human cells [107]. Tet-1, which is one of DNA demethylase, contributes to the
differentiation of the inner cell mass at the blastocyst stage and regulates the
maintenance of ES cells by altering the DNA methylation status [108]. Olariu et al.
found that TET1 could replace OCT4 in the iPS cell reprogramming Yamanaka

Figure 5.
Gene transfection.
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cocktail and that DNA methylation is the key to regulating pluripotency genes
[109]. Since Tet-1 may also evoke the induction of Dnmt3b expression upon tran-
sition to the epiblast stage, TET-1 was included in the final set of six genes to be
transfected in our protocol.

Cardiac fibroblasts obtained from a recipient heart highly expressed α-smooth
muscle actin (α-SMA) that is a representative marker of myofibroblast.
Myofibroblasts occur at a converging spot of mesenchymal cells, resulting from
acute or chronic inflammation caused by stimulation with TGF-β, Ang II, and
cytokines [110]. Interestingly, the myofibroblasts from our patient’s heart tissue did
not differentiate into human iPS cells by previous methods [111]. Therefore, the cell
culture medium for iPS cell induction was also prepared in detail. During the first 5
days post-transfection, TGF-β was removed from the cell culture medium for iPS
cell induction, and selective TGF-β inhibitor SB431542 was added. Finally, by com-
bining these methods, we developed a highly efficient method for inducing human
iPS cells from pathologic somatic cells (Figure 5) [105].

9. Summary of cardiomyopathy recent findings

We outlined the recent findings of cardiomyopathy. In addition to the develop-
ment of the cardiac devices and regenerative medicine, clinical trials of heart failure
drugs such as ARNI, SGLT2 inhibitors and cardiac function improving drugs as
mavacamten have shown effective results leading to desirable situation for cardiol-
ogists to expand their options. Our goal is to improve the QOL of cardiomyopathy
patients.
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Abstract

Cardiomyopathy can be defined as a structural and functional myocardial 
disorder that is commonly genetic rather than due to coronary artery, valvular 
or congenital heart disease. It can be subcategorized into dilated, hypertrophic, 
restrictive, unclassified, and arrhythmogenic right ventricular cardiomyopathy/
dysplasia. They can be further subdivided into primary and secondary cardiomy-
opathy. Primary includes genetics (HOCM, ARVC/D), mixed (DCM, RCM) or 
acquired (stress-induced, myocarditis) causes; while secondary cardiomyopathy 
is derived from the involvement of other organ systems. Cardiomyopathies can 
be identified by echocardiogram to display the anatomic and functional changes 
related to each subtype including systolic or diastolic dysfunction. In certain 
instances, cardiac-MRI or CT are used to further elucidate its specific characteristics 
such as fatty infiltration and focal hypertrophy. Treatment is very diverse  
and catered to each individual case. This will all be further elaborated on in the  
following chapter.

Keywords: cardiomyopathy, heart diseases, systolic dysfunction,  
diastolic dysfunction

1. Introduction

Cardiomyopathies are a heterogeneous group of diseases of the myocardium 
that are associated with mechanical and/or electrical dysfunction. They gener-
ally exhibit inappropriate ventricular hypertrophy or dilation and have multiple 
etiologies, which are often genetic [1]. They can be further subdivided into 
primary and secondary cardiomyopathy. Primary includes genetics, acquired or 
mixed causes; while secondary cardiomyopathy is derived from the involvement 
of other organ systems. Cardiomyopathies can be identified by echocardiogram 
to display the anatomic and functional changes related to each subtype including 
systolic or diastolic dysfunction. In certain instances, cardiac-Magnetic resonance 
imaging or Computer tomography scans are used to further elucidate its specific 
characteristics such as fatty infiltration and focal hypertrophy. Treatment is very 
diverse and catered to each individual case. This will all be further elaborated on 
in the following chapter.
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2. Primary and secondary cardiomyopathy

Cardiomyopathies can be characterized into two different groups, primary and 
secondary. Primary cardiomyopathies are defined by primary involvement of the 
heart while secondary cardiomyopathies are consequences of other medical disease 
states such as endocrine diseases or drug induced. Primary cardiomyopathies can 
be further divided by their causes. These include cardiomyopathies of genetic, 
acquired, or mixed origin [1].

Genetic sources of primary cardiomyopathy include hypertrophic cardiomyopa-
thy (HCM), arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D), 
mitochondrial myopathies and ion channel disorders. Mixed causes of primary 
cardiomyopathy can include dilated cardiomyopathy (DCM) and restrictive cardio-
myopathy (RCM). Finally, the acquired causes of primary cardiomyopathy include 
a wide variety of diseases, such as myocarditis, peripartum cardiomyopathy, stress-
induced cardiomyopathy (Takotsubo) and tachycardia-induced cardiomyopathy. 
These are all summarized in Table 1.

3. Systolic and diastolic dysfunction

Systolic dysfunction is defined as a decrease in the contractility of the heart [2]. 
Contractility can be reduced throughout the left ventricle (LV), as seen in DCM, 
or only in a portion of the LV, as seen in stress-induced cardiomyopathy. Systolic 
dysfunction is also classically seen following myocardial ischemia. Initially, cardiac 
output is maintained through compensatory mechanisms which include an increased 
preload in order to improve contractility (Frank-Starling relationship) and enlarge-
ment of the LV to increase the stroke volume. However, these mechanisms ultimately 
fail and lead to the clinical manifestations of heart failure. Systolic dysfunction can 
be evaluated through echocardiogram (echo) and is characterized by a decreased left 
ventricular ejection fraction (LVEF) and increased end diastolic volume (EDV).

Diastolic dysfunction is characterized by abnormal myocardial filling and 
relaxation with concurrent elevated filling pressures. It can occur in combination 
with systolic dysfunction or it can be an isolated phenomenon. Its main features 
are due to impairment of active relaxation and/or passive compliance during LV 
diastole. This takes place during both isovolumetric relaxation and early rapid 
filling. Diastolic dysfunction is a common characteristic of both HCM and RCM and 
can sometimes be seen in patients with DCM. It is also found secondary to myo-
cardial hypertrophy presenting with decreased compliance. An echo study is done 

Primary Cardiomyopathy

Genetic Causes: Hypertrophic Cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy/dysplasia, 
mitochondrial myopathies and ion channel disorders

Acquired Causes: Myocarditis, Peripartum cardiomyopathy, stress-induced cardiomyopathy and 
tachycardia-induced cardiomyopathy

Mixed Causes: Dilated cardiomyopathy and Restrictive cardiomyopathy

Secondary Cardiomyopathy

Toxin induced, medication induced, Endocrine disorders, autoimmune/collagen diseases, nutritional 
deficiencies.

Table 1. 
Primary and secondary causes of cardiomyopathy.
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to identify diastolic dysfunction where a normal LVEF and EDV are seen, however 
occasionally systolic function may be impaired. These two markers are one way to 
differentiate diastolic from systolic dysfunction, both of which lead to a common 
clinical endpoint of heart failure symptoms.

3.1 Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) manifests as global dilation of one or both 
ventricles leading to systolic dysfunction. Left ventricular ejection fraction is ≤40% 
and affected patients can develop symptomatic heart failure (HF). DCM causes 
around 10,000 deaths and 46,000 hospitalizations in the United States each year. 
Idiopathic DCM is the leading indication for heart transplantation [3]. Affected 
patients are generally between 20 and 60 years of age [4]. Symptoms vary, but 
most patients present with HF symptoms of progressive dyspnea with exertion, 
peripheral edema, orthopnea, and/or paroxysmal nocturnal dyspnea. Conduction 
disturbances, cardiomegaly, thromboembolic disease, and sudden death can also be 
observed [5, 6].

There are many causes of DCM including idiopathic, stress-induced, myocarditis, 
infiltrative disease (amyloidosis, sarcoidosis, hemochromatosis), peripartum cardio-
myopathy, tachycardia-mediated, infections, drugs (alcohol, cocaine, anthracyclines) 
[7], as well as others illustrated in the Table 2.

DCM is frequently idiopathic, indicated after exclusion of both primary and 
secondary causes of cardiac disease except genetic causes. Familial disease is seen 
in about 50% of patients with idiopathic DCM. The disease is generally inherited in 
autosomal dominant fashion but also other forms of inheritance (autosomal reces-
sive, X-linked, and mitochondrial). Mutations in more than 30 genes were identi-
fied in the past 20 years. Sarcomere genes are responsible for about 30% of familial 
DCM cases. These include mutations in genes for beta myosin heavy chain (MYH7), 
cardiac troponin T (TNNT2), titin (TTN), alpha-tropomyosin (TPM1), and cardiac 
troponin C (TNNC1) [8].

Infectious diseases: adenovirus, HIV, influenza virus, coxsackie virus, streptococci-rheumatic fever, 
diphtheria, typhoid fever

Deposition diseases: amyloidosis, hemochromatosis

Medications: antiretroviral drugs (didanosine, zidovudine, zalcitabine), chemotherapeutic agents 
(cyclophosphamide, anthracyclines, trastuzumab), chloroquine, hydroxychloroquine, phenothiazines, 
clozapine

Toxins: ethanol, amphetamines, cocaine, lead, mercury, lithium, carbon monoxide

Nutritional deficiencies: niacin, selenium, thiamine, carnitine

Electrolyte and renal abnormalities: hypophosphatemia, uremia, hypocalcemia

Autoimmune/inflammatory: rheumatoid arthritis, systemic lupus erythematosis, scleroderma, 
dermatomyositis, sarcoidosis, giant cell arteritis, kawasaki disease

Endocrinologic disorders: growth hormone and thyroid hormone excess/deficiency, diabetes mellitus, 
pheochromocytoma, cushing’s syndrome

Genetic: duchenne’s muscular dystrophy, familial and sporadic genetic cardiomyopathies, friedreich’s ataxia, 
myotonic dystrophy, arrhythmogenic right ventricular cardiomyopathy

Other: tachycardia, peripartum cardiomyopathy, hypothermia, heat stroke, sleep apnea

Table 2. 
Etiologies of dilated cardiomyopathy.
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3.2 Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a disease of the heart muscle that is 
mainly due to genetic mutations in sarcomere genes, the contractile component 
of the heart. The prevalence of HCM is about 0.5% in adults and typically has an 
autosomal dominant transmission pattern [9]. HCM is defined by left ventricular 
hypertrophy (LVH), which manifests with a multitude of different clinical features. 
The location and amount of hypertrophy will determine the clinical presentation 
which can include left ventricular outflow tract (LVOT) obstruction, myocardial 
ischemia, diastolic dysfunction and mitral regurgitation.

HCM presents with a huge spectrum of signs and symptoms; patients can be 
asymptomatic or present with symptoms of chest pain, arrhythmias, or those 
related to HF [10]. Many patients are diagnosed with HCM incidentally during a 
routine doctor visit by identification of an abnormal ECG or murmur and through 
family screening protocols. Otherwise, patients can present with many different 
symptoms including dyspnea on exertion, fatigue, chest pain, palpitations, and 
presyncope or syncope commonly after exertion.

The most common presenting symptom is HF seen clinically as dyspnea on exer-
tion. This is found in approximately 90% of symptomatic patients and can result 
from diastolic dysfunction caused by hypertrophy, impaired LV emptying from the 
LVOT obstruction, and mitral regurgitation. Concurrent systolic dysfunction is also 
seen in very extensive disease due to adverse LV  remodeling [11].

Another common symptom is angina, both typical (following exertion) and 
atypical, which is frequently worsened after heavy meals. The pathophysiology 
behind this chest pain in HCM can be broken down into two categories: increased 
myocardial oxygen demand and decreased myocardial blood flow. HCM increases 
oxygen demand in several ways including increased muscle mass, myocardial 
hypertrophy and disarray, and increased diastolic pressures due to LVOT obstruc-
tion. Causes of decreased myocardial blood flow in HCM is due to decreased ability 
of coronary arterioles to vasodilate and myocardial fibrosis.

Arrhythmias are also a major complication of HCM as they can lead to sudden 
cardiac death (SCD) [12]. Both supraventricular and ventricular arrhythmias are 
found which can lead to palpitations, dyspnea, presyncope, syncope, and SCD. Of 
the supraventricular arrhythmias, atrial fibrillation (AF) is the most common [12].

Syncope occurs in around 15–25% of patients with HCM and is caused by a 
variety of mechanisms which ultimately lead to decreased cardiac output. Some of 
these include AF, LVOT obstruction and conduction abnormalities such as atrio-
ventricular nodal block. Syncope not due to vasovagal or cardiogenic causes is an 
increased risk for SCD, especially when occurring in young patients. Predictors of 
SCD includes experiencing at least one syncopal episode include a family history of 
SCD from HCM, massive LVH, unexplained syncope, LV apical aneurysm, HCM 
with LV systolic dysfunction [13, 14].

Paradoxical Split of S2

Brisk and Bifid Carotid Pulse

Prominent a wave seen in neck veins

Diffuse, forceful LV apical impulse

Systolic thrill

Parasternal lift

Table 3. 
Physical exam findings in hypertrophic cardiomyopathy.
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Just as there are a variety of clinical symptoms, the physical exam of a patient 
with HCM can range from normal to several nonspecific findings. These findings 
include a systolic crescendo-decrescendo murmur that is similar to the murmur seen 
with aortic stenosis, a fourth heart sound. Physical exam findings are mainly caused 
by LVOT obstruction thus if there is minimal or no obstruction, the physical exam 
will commonly be normal. Other physical exam findings are not specific to HCM 
and can be seen with other heart diseases. They are listed in the following Table 3.

The histology of HCM is unique, showing myocyte hypertrophy and myofibril-
lar disarray with interstitial fibrosis. Coronary arterioles with decreased luminal 
cross-sectional area can also be seen. These arterioles have reduced ability to 
vasodilate leading to decreased myocardial blood flow during periods of stress [15].

3.3 Restrictive cardiomyopathy

Restrictive cardiomyopathy (RCM) presents as non-dilated ventricles and 
diastolic dysfunction. It causes a ventricular filling defect, leading to elevated 
pressure and biatrial enlargement. Systolic function is generally normal unless RCM 
becomes more severe.

RCM is significantly less common universally than both DCM and HCM. 
However, mortality from RCM is high in Africa, South and Central America, and 
Asia. This is due to a higher incidence of endomyocardial fibrosis, which is one of 
the major causes of RCM.

There are several causes of RCM including infiltrative, familial non-infiltrative, 
storage diseases, other disorders (scleroderma, endomyocardial fibrosis, diabetic 
cardiomyopathy), secondary causes, and idiopathic RCM [16]. The various etiolo-
gies are demonstrated in Table 4.

RCM presents as pulmonary and systemic congestion with peripheral edema, 
dyspnea, palpitations, weakness, and inadequate cardiac output with exercise. 
Severe RCM can have elevated central venous pressure, ascites, and hepatospleno-
megaly [17]. In addition, autonomic dysfunction leading to arrhythmias can occur. 
During auscultation, a third heart sound can be heard. Jugular venous pressure 
(JVP) is often elevated with a prominent y descent. Kussmaul’s sign with an 
increase in JVP with inspiration may be observed. These two JVP signs are seen in 
constrictive pericarditis as well.

3.4 Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is defined by right 
ventricular (RV) origin arrhythmias and structural abnormalities. The myocardium 

Infiltrative disorders: amyloidosis, Gaucher disease, sarcoidosis, fatty infiltration, and Hurler syndrome

Familial: familial cardiomyopathy with unknown gene, sarcomeric protein mutations (troponin I, 
essential light chain of myosin), familial amyloidosis, pseudoxanthoma elasticum, and desminopathy, 
hemochromatosis, Fabry disease, glycogen storage disease

Storage diseases: Fabry disease, hemochromatosis, and glycogen storage disease.

Other disorders: scleroderma, diabetic cardiomyopathy, endomyocardial fibrosis (caused by hypereosinophilic 
syndrome, drugs, or idiopathic), chemotherapy, radiation, metastatic cancers, and carcinoid heart disease.

Secondary causes: hypertension, dilated cardiomyopathy, or ischemic heart disease

Idiopathic RCM

Table 4. 
Etiologies of restrictive cardiomyopathy.
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is scarred and replaced with fibrous or fibro-fatty tissue. Scarring can occur first 
regionally and then become global leading to RV dilation, RV dysfunction, and 
wall motion abnormalities. Demonstration of biventricular myocardial injury is 
illustrated through the use of autopsy investigations, genotype and phenotype cor-
relation studies and cardiac MRI. However, these diagnostic tools show an equal or 
increased extent of left ventricular severity when compared to the right ventricular 
involvement. This development has led to a new understanding of arrhythmogenic 
cardiomyopathy(ACM) [18]. ACM/ARVC is generally inherited in an autosomal 
dominant fashion. However, autosomal recessive inheritance has also been noted as in 
the cardiocutaneous syndrome, Naxos disease [19]. Patients can present with palpita-
tions, dizziness, syncope, atypical chest pain, and dyspnea, but many are asymptom-
atic. The most common arrhythmia of ARVC is monomorphic ventricular tachycardia 
with a left bundle branch block. SCD can be the initial presentation of ARVC [20].

3.5 Stress-induced cardiomyopathy

Stress-induced cardiomyopathy, also known as takotsubo cardiomyopathy 
or broken heart syndrome, is characterized as brief systolic dysfunction in the 
absence of coronary artery disease that is usually brought on by stress. The systolic 
dysfunction is focal and mainly limited to the cardiac apex which is in contrast to 
DCM where we see global systolic dysfunction.

Patient presentation is similar to that of a patient with ST-elevation myocardial 
infarction (STEMI). It is more common in elderly women. About 1–2 percent of 
patients that are troponin positive with a suspected STEMI are diagnosed with 
stress-induced cardiomyopathy [21]. As in a STEMI, the most common presenting 
symptom is substernal chest pain with or without dyspnea. The pathophysiology of 
this disease is not very well understood but it is thought to be in part due to cat-
echolamine excess thus cocaine-related ACS should be ruled out.

3.6 Cirrhotic cardiomyopathy

Cirrhosis which leads to systolic and/or diastolic myocardial dysfunction inde-
pendent of alcohol consumption has been termed cirrhotic cardiomyopathy. The 
pathophysiology of this disease is not well established. Patients may have normal 
or increased cardiac output at rest but the myocardium inadequately responds 
when placed under stress. ECG findings can include QT interval prolongation and 
mechanical and electrical desynchrony. Structurally, the LV is normal, but the left 
atrium is generally dilated. Treatment is mostly supportive but the orthotropic liver 
transplantation has been shown to improve patient’s condition [22].

4. Diagnosis

Diagnosis of the various cardiomyopathies are done by clinical presentation 
(chest pain, fatigue, dyspnea, syncope, etc.), physical exam, diagnostic tools (12-
lead ECG, chest radiograph, echocardiography, cardiac MRI, doppler ultrasound), 
genetic testing, endomyocardial biopsy, and/or plasma BNP. Systolic dysfunction 
is observed in DCM and stress-induced cardiomyopathy as decreased LVEF and 
increased EDV on echo. Diastolic dysfunction is observed in HCM and RCM and 
can sometimes occur in DCM. An echo of diastolic dysfunction demonstrates 
normal LVEF and EDV.

Dilated cardiomyopathy demonstrates systolic dysfunction, ventricular dilation, 
myocyte hypertrophy and fibrosis, and possible conduction system involvement. 
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Familial DCM is diagnosed when idiopathic DCM is seen in two or more close 
relatives. A three to four generation family history and clinical screening (history, 
exam, electrocardiogram, echocardiogram) of first-degree relatives is done when a 
new diagnosis is made to identify asymptomatic/undetected disease. Genetic testing 
is also done for known familial DCM and nonfamilial without an obvious alternative 
cause. Screening for specific mutations does not necessarily determine therapy, but 
certain genes are related to clinical characteristics. This may affect family counseling, 
screening, and influence of primary prevention or pre-symptomatic therapy [23].

Hypertrophic cardiomyopathy should be suspected if there is a positive family 
history of the disease, clinical symptoms, an abnormal 12-lead ECG, or if a systolic 
ejection murmur is heard. In addition, increased LV wall thickness (≥15 mm) seen 
anywhere in the LV wall without any identifiable cause such as valvular disease 
or hypertension is suggestive of the HCM [24]. Other findings are not required to 
make a diagnosis of HCM but may include a hyperdynamic LV or systolic anterior 
motion of the mitral valve seen on echo.

Restrictive cardiomyopathy is diagnosed as non-dilated, non-hypertrophied 
ventricles with biatrial enlargement seen on echo. Abnormal ventricular filling 
is visualized with Doppler imaging. Although RCM is generally characterized as 
non-hypertrophied, the LV may have increased wall thickness if due to infiltrative 
or storage disease. Echo, cardiac MRI, and endomyocardial biopsy can all be used to 
differentiate various types of RCM. Chest radiograph can demonstrate cardiomeg-
aly with atrial enlargement, pulmonary venous congestion, and pleural effusions.

RCM appears similar to constrictive pericarditis with impaired ventricular filling 
but is distinguished by echo, MRI, CT, and endomyocardial biopsy. A patient his-
tory can also differentiate the two since possible causes of constrictive pericarditis 
include different causes such as tuberculosis, malignancy, connective tissue disease. 
Plasma BNP indicates LV wall stretching and helps separate RCM from constrictive 
pericarditis. Levels of ≥400 pg./mL indicate RCM due to the limited wall stretch in 
constrictive pericarditis from very stiff and thickened endocardium [25].

Arrhythmogenic right ventricular cardiomyopathy echo shows dilation of the 
RV and its outflow tract, aneurysm, akinesis, and dyskinesis. Genetic testing is 
recommended (DSC2, DSP, DSG2, JUP, TMEM43, and PKP2).

In order to identify stress-induced cardiomyopathy, it is very important to take a 
thorough history as a physical stress or emotional trigger may sometimes be identified 
and can help lead to the diagnosis. Stress induced cardiomyopathy should be considered 
when a patient presents with signs and symptoms of acute coronary syndrome along 
with an abnormal ECG that are out of proportion to elevations in cardiac biomarkers 
[26]. The diagnostic criteria consist of four required findings: transient LV systolic 
dysfunction that is typically regional and contains more than one epicardial coronary 
distribution, no obstructive coronary disease in the area of the wall motion abnormal-
ity, new ECG abnormalities including ST-elevation and/or T wave inversion or moder-
ately elevated cardiac troponin and lastly no pheochromocytoma or myocarditis present 
[27]. Apical ballooning is also commonly seen as a result of wall akinesia. Therefore, in 
order to diagnose stress induced cardiomyopathy, the patient must undergo an ECG, 
coronary angiography and an echo in order to assess LV systolic function.

5. Management

Management of the cardiomyopathies are generally directed towards relieving 
symptoms, slowing progression of the disease, and preventing SCD. The specific 
therapy depends on whether the patient is suffering from systolic dysfunction, 
diastolic dysfunction, fluid overload and/or arrhythmias.
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Patients with HF with reduced ejection fraction, like DCM, are managed with 
beta blockers(BBs), nondihydropyridine calcium channel blocker (ndCCB), 
angiotensin converting enzyme inhibitors (ACEi), angiotensin II receptor block-
ers (ARBs), pacemakers, and implantable cardioverter-defibrillators (ICD) for 
arrhythmias [28].

HCM and RCM present mainly with diastolic dysfunction. Therefore, treat-
ment is aimed at lowering heart rate to increase diastolic filling time and decreasing 
venous pressure [28]. Loop diuretics are used to relieve congestion, but careful mon-
itoring is needed to prevent hypoperfusion. In HCM they are generally avoided since 
it can worsen the LVOT obstruction. In both HCM and RCM, BBs and CCBs can 
improve the patient’s diastolic dysfunction by decreasing heart rate and increasing 
filling time. For HCM, they are generally only given when a patient is symptomatic.

For patients with HCM, if symptoms continue despite adequate medical man-
agement, dual therapy with another negative inotrope is recommended. This can 
include beta blocker + disopyramide, nondihydropyridine calcium channel blocker 
+ disopyramide, or beta blocker + nondihydropyridine calcium channel blocker. 
If patients still have refractory symptoms and have a LVOT gradient of ≥50 mmHg 
then septal reduction therapy can be considered [29].

In addition, patients with RCM can benefit from ACEi/ARBs, which might 
reduce myocardial stiffness. Dual chamber pacemaker is used with advanced AV 
block, anticoagulants are used for patients with atrial fibrillation, and cardiac 
transplantation is indicated for patients with intractable heart failure [28].

Patients suffering from ARVC should minimize their strenuous physical activity 
since there is a significant association between exercise and ARVC. Beta blockers are 
recommended for patients with clinical symptoms but not asymptomatic patients 
with a positive genotype. ICDs are indicated for patients who were previously resus-
citated from SCD and those with sustained ventricular arrhythmias. If beta blockers 
and ICDs are not helpful, antiarrhythmic drugs or radiofrequency ablation can serve 
as adjunct therapy. Management of patients with RV dysfunction is similar to other 
patients with HF with reduced ejection fraction (ACEi, ARBs, mineralocorticoid 
receptor antagonist, diuretics, and BBs).

Stress-induced cardiomyopathy is a transient disorder that will likely resolve 
within a couple of weeks and thus its mainstay in management is supportive. 
However, the mortality rate is about 3–4 percent. During the acute onset and 
following stabilization, heart failure management is started following current 
guidelines. Anticoagulation is also provided similarly to patients that are post-
myocardial infarction [30].
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Chapter 4

The Role of Neurohormonal 
Systems, Inflammatory Mediators 
and Oxydative Stress in 
Cardiomyopathy
Ronald Zolty

Abstract

Cardiomyopathy and more specifically the dilated cardiomyopathy, regardless 
of severity, is associated with activation of neuro-hormonal, cytokine and oxidative 
stress signaling pathways that alter the structure and function of cardiac myocytes 
and non-myocyte cells. These cellular alterations culminate in the morphological 
changes in cardiac structure termed as cardiac remodeling, a maladaptive process 
that contributes to further left ventricular dysfunction and heart failure develop-
ment. This pathological progression is mainly driven by circulating mediators, in 
particular angiotensin II and norepinephrine. Natriuretic peptides, endothelin-1, 
vasopressin play also an important role in the progression of the cardiomyopathy. 
Cardiac inflammation, mediated by cytokines such as tumor necrosis factor-α 
(TNF-α), interleukins 1 (IL-1) and 6 (IL-6), as well as the oxidative stress were 
also shown to worsen the cardiac function. Although these pathways have been 
described separately, they are critically inter-dependent in the response to the 
development and progression of the dilated cardiomyopathy. This chapter reviews 
the cellular basis for cardiac remodeling and the mechanisms that contribute to 
these cellular abnormalities and, more broadly, to the pathophysiology of dilated 
cardiomyopathy, its progression and its potential treatments.

Keywords: Angiotensin II, Adrenergic signaling, Natriuretic peptides, Vasopressin, 
Prostaglandin, Endothelin, Nitric Oxide, Cytokines, ROS, Oxidative stress

1. Introduction

Cardiomyopathy is a group of diseases that affect the heart muscle [1]. As the 
disease worsens, symptoms of heart failure will occur including shortness of breath, 
fatigue, and fluid retention with pulmonary congestion and peripheral edema.

The majority of patients with heart failure have an underlying cardiomyopathy 
as the causative etiology. In the US, the most common cause of heart failure (HF) is 
a primary or secondary dilated cardiomyopathy [1, 2] encompassing approximately 
60% of the HF cases.

Whether the etiology of the cardiomyopathy is idiopathic, inflammatory, viral, 
or ischemic, the pathological processes leading to the clinical syndrome of heart 
failure begin with myocardial injury. The hemodynamic consequences of the initial 
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injury will lead to a decline in myocardial contractility. The reduction of cardiac 
output will elicit a complex humoral and inflammatory response. The humoral 
response comprises two major components, the renin-angiotensin-aldosterone 
(RAA) pathway [3] and the sympathetic nervous (SN) system and is referred as 
neuro-hormonal activation [4]. Additional circulating mediators, such as natri-
uretic peptides, nitric oxide, endothelin and vasopressin also play a role in the 
circulatory adaptation to the heart failure state. Furthermore, the initial myocardial 
injury leading to the development of cardiomyopathy stimulates the production of 
cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) [5]. 
Finally, oxidative stress, defined as an excess production of reactive oxygen species 
(ROS) relative to antioxidant defense, is enhanced in HF [6–9].

For neuro-hormonal and cytokine activation, these pathways are initially com-
pensatory in response to acute injury but have ultimately maladaptive consequences 
on the long term, leading to cardiac remodeling and worsening heart failure.

Cardiac remodeling refers to changes in the size, shape, structure and function 
of the heart. Ventricular remodeling involves hypertrophy and apoptosis of myo-
cytes, regression to a fetal phenotype, as well as modification of the extracellular 
matrix (Figure 1).

2. Neuro-hormonal activation in cardiomyopathy and heart failure

Heart failure associated with cardiomyopathy is a highly complex syndrome in 
which the insufficient cardiac output leads to neuro-hormonal activation and sub-
sequent ventricular remodeling [10]. The characteristic hemodynamic abnormali-
ties in patients with HF are a reduction in stroke volume with concomitant increase 
in systemic vascular resistance. In the early phase of heart failure, neuro-hormonal 
activation, with the stimulation of the SN and RAA systems, helps maintaining ade-
quate cardiac output and peripheral perfusion. Sustained neuro-hormonal activa-
tion, however, will result in increased cardiac wall stress, ventricular dilatation and 
adverse remodeling effects [11, 12]. A variety of endogenously produced mediators, 
including norepinephrine, angiotensin II, aldosterone, endothelin and vasopressin 

Figure 1. 
Schematic representation of cardiac remodeling in dilated cardiomyopathy and HF.



65

The Role of Neurohormonal Systems, Inflammatory Mediators and Oxydative Stress…
DOI: http://dx.doi.org/10.5772/intechopen.97345

have been implicated as biologically active molecules which will contribute to 
disease progression of the failing heart.

Stimulation of these neuro-hormones and their receptors influences myocardial 
contractility, heart rate and conduction, cardiac metabolism, and cellular growth. 
Therefore, these cardiac neuro-mediator and neuro-receptors play a key role in car-
diac physiology and myocyte function in healthy and diseased heart. For example, 
cardiac hypertrophy is produced by a combination of increased myocyte stretch, 
neurotransmitter release, and several types of autocrine, paracrine, and hormonal 
stimulation that mediate myocyte growth. In this context, the α-1 receptor pathway, 
the angiotensin II AT1 receptor pathway, the endothelin 1 receptor pathway, and 
the β-adrenergic receptor pathway have all been implicated in the pathogenesis of 
myocyte hypertrophy.

Activation of the adrenergic nervous system and the renin-angiotensin systems 
appears to be of primary importance in producing major adaptive cardiac receptor-
signal transduction changes in the failing heart.

The most important modulated function mechanisms responsible for the 
stimulation of cardiac function appears to be the adrenergic signaling pathway. 
In addition to the adrenergic stimulation, an increase in plasma volume will take 
place, resulting in an increased ventricular preload as well as an increase in cardiac 
myocyte hypertrophy, which results in more contractile elements, increased wall 
thickness with a subsequent decrease in wall tension. The plasma volume increase 
is associated with stimulation of the RAA system and production of angiotensin 
II and aldosterone which will enhance sodium and water reabsorption in both the 
proximal and distal renal tubules [13].

2.1 Activation of the renin-angiotensin system with LV dysfunction

When the heart fails, the RAA system is activated as demonstrated with 
increased of the renin activity with production of angiotensin II and  
aldosterone [14–18].

The RAA system consists of a cascade of enzymatic reactions involving three 
components, angiotensinogen, renin and angiotensin-converting enzyme (ACE), 
which generate angiotensin (Ang) II as the biologically active product. Ang II binds 
to two types of specific receptors, angiotensin type-1 (AT1R) and type-2 (AT2R). 
Both receptor belong to the family of seven transmembrane domain heterotrimeric 
G protein-coupled receptors (GPCR). The majority of the deleterious mitogenic 
and hypertrophic actions of Ang II have been attributed to interaction with the AT1 
receptor, which is the predominant receptor, while AT2 generally produces benefi-
cial effects.

The deleterious effects of the activation of the RAA system are mediated 
primarily through increased circulating and tissue levels of the neuro-hormonal 
angiotensin II (Figure 2). Ang II is an extremely potent vasoconstrictor, acting 
directly on vascular smooth muscles and indirectly by increasing sympathetic tone 
[19, 20]. In addition, it produces sodium retention (through aldosterone and renal 
vasoconstriction), as well as fluid retention through anti-diuretic hormone [21, 22]. 
At the cellular level, Ang II promotes migration, proliferation, and hypertrophy, 
thus producing numerous adverse effects, including remodeling of the left ven-
tricle, and development of endothelial dysfunction [23, 24].

Ang II promotes cardiac remodeling in several ways. By increasing arterial 
smooth muscle tone and causing salt and water retention, it increases cardiac 
preload and afterload. Also, increased wall stress is a potent stimulus for remodel-
ing. In addition, Ang II has direct effects on the myocardium; it causes hypertrophy 
of cardiac myocytes and hyperplasia of cardiac fibroblasts as well as an increase 
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in extracellular matrix deposition, [25] and stimulates the release of other growth 
factors, including norepinephrine and endothelin, which in turn stimulate car-
diac remodeling [26]. These actions of Ang II are largely mediated through the 
angiotensin type 1 (AT1) receptor. Thus RAA system inhibition by ACE inhibitors 
or by angiotensin receptor blockers, attenuates many of the key hemodynamic, 
mechanical and functional disturbances crucial to the pathophysiology of cardiac 
dysfunction. ACE inhibitors are therefore a mainstay of therapy in patients with 
symptomatic and asymptomatic LV systolic dysfunction.

2.2 Sympathetic nervous system activation with LV dysfunction

Similarly to the RAA system, when the cardiac function fails, the adrenergic 
nervous system is activated. Numerous studies have documented elevated circulat-
ing norepinephrine levels with LV myocardial dysfunction [14–17, 27]. Even in 
asymptomatic patients with left ventricular dysfunction, an 35% increase in plasma 
norepinephrine was demonstrated [18]. In the failing heart, the increase of adrener-
gic activity seems to occur as a consequence of increased central sympathetic release 
at the pre-synaptic level [28].

Pre-synaptic facilitation of norepinephrine release by angiotensin II may also 
play an important role in adrenergic activation, [29] thus demonstrating a positive 
feedback of angiotensin II on cardiac adrenergic activity. Conversely, the adrenergic 
nervous system provides a major stimulus for activation of the RAA system, as 
activation of renal nerves by the SN system results in renal renin release [30, 31]. 
Thus activation of the adrenergic and renin-angiotensin systems appears to be co-
regulated with cardiac dysfunction. Activation of one system stimulates the other 
and maneuvers that decrease the activity of one system may inhibit the other [32]. 
For example, administration of an ACE inhibitor to patients with heart failure with 
reduced ejection fraction (HFrEF) results not only in a decrease in plasma angioten-
sin II levels but also in a fall in circulating norepinephrine [33, 34].

Activation of cardiac β-adrenergic receptor (AR) represents the body’s most 
powerful principle to increase cardiac contractility and heart rate [35] (Figure 3). 

Figure 2. 
Deleterious pathophysiologic effects of angiotensin II in dilated cardiomyopathy and heart failure. MMP: 
Matrix metalloproteinases, ROS: Reactive oxygen species.



67

The Role of Neurohormonal Systems, Inflammatory Mediators and Oxydative Stress…
DOI: http://dx.doi.org/10.5772/intechopen.97345

Adrenergic receptors are a family of G-protein-coupled receptors with nine mem-
bers, three α1, three α2, and three β: β1, β2 and β3. When the first subdivision of 
adrenergic receptors was defined on the basis of pharmacological experiments, [36] 
the α-subtype was defined as the one that causes smooth muscle contraction, whereas 
the β-subtype mediates smooth muscle relaxation. Twenty years later, the β-receptors 
were subdivided again, into the β1-subtype, which stimulates cardiac muscle, and the 
β2-subtype, which relaxes smooth muscle [37].

The mammalian heart expresses all three β-adrenergic receptor subtypes 
[38–40]. In the healthy heart, the majority (i.e. 60–80%) of receptors are the 
β1-subtype in most species, while the β2-subtype accounts for a minor fraction of 
total βARs. A third β-adrenergic receptor subtype, the β3-subtype, was initially 
thought to be limited to adipose tissue, [40] but was later also detected in the 
heart [39]. This subtype is generally perceived as less important due to its very low 
expression level and relatively minor functional effects. There is evidence that the 
β1-subtype is preferentially located on cardiac myocytes, whereas the β2-subtype 
is expressed to a significant extent on non-cardiomyocyte cells, including vascular 
smooth muscle cells and synaptic nerve endings.

β1- and β2-adrenergic receptors are potent stimulators of cardiac contraction 
and relaxation in the human heart [35, 41]. As direct effectors of the sympathetic 
nervous system, they serve to rapidly adapt cardiac performance to an increased 
hemodynamic demand. Both β1 and β2 receptors couple to the stimulatory G 
protein Gs, thereby activating adenylyl cyclase. The formation of the second 
messenger cAMP then leads to activation of PKA (cAMP protein kinase A), 
which phosphorylates several key regulators of the cardiac excitation-contraction 
machinery. This includes phospholamban, [42] the L-type Ca-channel, [42, 43] the 

Figure 3. 
Shematic representation of the cascade of reactions to increase cardiomyocyte contractility by the sympathetic 
nervous activation.
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ryanodine receptor, [44] troponin T and I, [45] myosin binding protein C [46] and 
the small protein phosphatase inhibitor-1 [47]. These events lead to rapid changes 
of the cardiomyocyte calcium transient and enhanced myofilament sensitivity for 
calcium, resulting in a potent inotropic effect.

Data indicate that sustained stimulation of the β1-receptor system, which is 
ideally suited to provide short-term increases in cardiac function, causes marked 
structural and functional damage to the heart on the long term. Thus the chronic 
activation by the adrenergic system in heart failure represents a maladaptive 
response.

Also, the β-adrenergic signaling in dilated cardiomyopathy is characterized 
by the fact that it is desensitized in failing human hearts. In HF, there is a reduc-
tion of the density of β1ARs in in failing human myocardium, [48] a decrease of 
norepinephrine-re-uptake [49] and ultimately an increase in Ginhibitory (Gi) 
protein expression [50] and in GRK2 (βARK)-activity [51], a receptor kinase that 
phosphorylates and thereby inactivates βARs. The observed desensitization of βAR 
receptors represents an adaptation process to the highly increased levels of catechol-
amines in heart failure. This phenomenon is considered a beneficial readjustment of 
the signaling cascade to minimize the detrimental effects of chronic stimulation of 
the myocardium by catecholamines.

β-adrenergic receptor blockade is now regarded as one of the most effective 
therapeutic principle in dilated cardiomyopathy and heart failure [52].

Several large clinical trials with carvedilol, metoprolol succinate and bisoprolol 
have demonstrated a significant benefit in large placebo-controlled trial [53–55]. 
On the contrary, two β-blockers (xamoterol and bucindolol) have failed to sig-
nificantly reduce mortality or even increased mortality [56, 57]. The most likely 
explanation for the failure of xamoterol is the pronounced partial agonism exerted 
by this agent [58]. Bucindolol led to a non-significant reduction of mortality in 
the BEST trial. Two main reasons might account for this finding. First, the study 
population differed markedly from the other large heart failure trials. It included 
a high percentage of African-Americans and of women, and both of these groups 
are underrepresented in other trials [56]. In the other trials, the beneficial effects 
of β-blockade were less pronounced compared with the effects in Caucasians [56]. 
Second bucindolol might display some degree of partial agonism.

2.3 Aldosterone

The pivotal role played by aldosterone in the pathogenesis of dilated cardiomy-
opathy and HF is well-recognized. Activation of the RAA system leads to marked 
elevations in plasma aldosterone levels, which have been shown to correlate with 
increased mortality [59]. Elevated aldosterone levels lead to excessive sodium reten-
tion, with expansion of the extracellular volume, worsening hemodynamic condi-
tions, and a fall in cardiac output. Decreased renal blood flow further stimulates the 
RAA system, causing secondary hyperaldosteronism and further sodium retention. 
In addition, by contributing to hypokalemia and hypomagnesemia, aldosterone 
increases the sensitivity of cardiac tissue to arrhythmias, with a resultant increase in 
sudden death [60, 61].

A growing body of evidence suggests that aldosterone may contribute to endo-
thelial dysfunction, possibly through reduced nitric oxide bioavailability [62]. Since 
the endothelium plays a critical role in the regulation of vascular tone, platelet 
aggregation and thrombosis, endothelial dysfunction predicts subsequent cardio-
vascular events [63]. Furthermore, aldosterone contributes to the development 
of HF by promoting myocardial fibrosis. In vitro studies have demonstrated that 
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administration of aldosterone to cardiac fibroblasts significantly enhances col-
lagen synthesis, [64] a finding that has been confirmed in rat models [65]. Another 
potentially harmful effect of aldosterone is its ability to blunt baroreflex response. 
Administration of aldosterone to dogs [66] and to healthy human volunteers [67] 
resulted in an elevation in the threshold for baroreflex activation and a reduction in 
peak discharge rate. Finally aldosterone has been shown to promote the activation 
and aggregation of platelets and to enhance arteriolar constriction [68].

The clinical trial Randomized Aldosterone Evaluation Study (RALES) dem-
onstrated the benefits of aldosterone receptor blockade in HF. 1633 patients with 
NYHA Class III-IV chronic HF, already receiving ACEIs, were randomized to 
spironolactone versus placebo [69]. The relative risk of death was reduced by 30% 
over two years (RR 0.7, 95% CI 0.60–0.82; p < 0.001) with a 35% reduction in HF 
hospitalizations and an improvement in functional class.

2.4 Endothelin

Endothelin is a potent vasoconstrictor peptide and its synthesis is stimulated 
by hypoxia, ischemia, neurohormones (norepinephrine, angiotensin II, arginine 
vasopressin), and inflammatory cytokines [70–72].

Tissue and plasma levels of endothelin-1 and its precursor (big endothelin-1) are 
elevated in patients with cardiomyopathy and HF [73–78]. These increases are due 
to increased endothelin synthesis primarily in the pulmonary vascular bed [79] and 
the myocardium [80]. The vascular distension seen in HF (especially in the pul-
monary vascular bed) appears to a stimulus for increased endothelin-1 production 
[81]. Another potential contributor to the increased endothelin-1 concentration in 
HF, is the downregulation of endothelin-B receptors, which has been observed in 
the lung tissue of experimental animals with HF [82, 83]. Endothelin B receptors 
appear to play a role in the clearance of endothelin-1. Pulmonary vascular tone 
in HF are largely mediated by endothelin-A receptor [84, 85]. Increased levels of 
endothelin-1 are associated with increased angiotensin II levels, more advanced HF 
symptoms, worse hemodynamics, and decreased survival [70, 75, 78, 81, 85–94].

Endothelin-A receptor antagonists prevent remodeling, improve LV function, 
and prolong survival in rats [95–97].

The Value of Endothelin Receptor Inhibition with Tezosentan in Acute Heart 
Failure Study (VERITAS), the largest clinical trial of an endothelin receptor antago-
nist for ADHF, enrolled 1435 patients. Patients treated with tezosentan experienced 
significant reduction in pulmonary arterial pressures and pulmonary capillary 
wedge pressures as well as an increase in cardiac index. Despite these significant 
improvements in hemodynamics, use of tozosentan did not improve the composite 
primary end point of dyspnea at 24 hours, worsening HF or death at 7 days [98].

The Resource utilization Among Congestive Heart Failure Study (REACH) 
was another clinical trial investigating the effects of bosentan in 370 patients 
with advanced HF and an LVEF <35%. The trial was stopped prematurely due 
to elevations in liver transaminases. At the time of the study termination, there 
was no significant differences in outcomes between the bosentan compared to 
the placebo group. Nevertheless, a post-hoc analysis of 174 patients who com-
pleted the 6-month follow up demonstrated significant clinical improvement 
(p = 0.045) [99].

Finally, the Enrasentan Cooperative Randomized Evaluation (ENCOR) trial 
studied enrasentan, a dual A/B endothelin receptor antagonist in 419 patients with 
stable NYHA Class II and II with LVEF ≤35%. There was no significant improve-
ment in the primary endpoint of clinical HF score with the active drug [100].
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2.5 Vasopressin

Arginine vasopressin (AVP) is a peptide hormone that is elevated in heart failure, 
and associated with a poor prognosis [18, 101]. AVP contributes to fluid retention 
and hyponatremia [102, 103]. AVP exerts its cardiao-vascular effects trough two 
receptors subtypes V1a and V2. V1a is found on vascular smooth muscle cells and 
cardiac myocytes. Whereas, vasopressin V1A receptors mediate vasoconstriction, 
positive inotropic and mitogenic effects, the V2 receptors inhibit free water clear-
ance [104–106]. Stimulation of the V1a-receptor, initially leads to increased myocar-
dial protein synthesis resulting in myocardial hypertrophy [107, 108]. V2-receptors 
are found in the distal tubule of the kidney, and their activation results in water 
retention via upregulation of aquaporin channels [104, 109].

The control of Vasopressin secretion is complex and involves both osmotic and 
nonosmotic stimuli [110]. Factors causing vasopressin release include plasma osmo-
lality, intra-cardiac and arterial pressures, as well as Angiotensin II levels [111]. 
Under most circumstances, Vasopressin is coupled to osmolality levels, making 
osmo-receptor the major determinant of Vasopressin release.

When the pressure within the heart or arterial vessels decreases, tonic inhibitory 
restraint of vasopressin is diminished and plasma vasopressin levels rise. Inversely, 
elevated blood pressure leads to decrease plasma vasopressin level [112–114].

Despite their hypo-osmolar hyponatremia state, patients with HF have inappro-
priately elevated plasma vasopressin levels [101, 115, 116].

Agents that antagonize V1A receptor reduce vascular tone and the mito-
genic myocardial effects of AVP. Because V2 antagonists increase aquaresis, the 
addition of an AVP V2 antagonist improves free water clearance, and reduces 
hyponatremia.

Conivaptan is a dual V1a/V2 receptor antagonist that has been investigated in 
the treatment of HF. One hundred and forty-two patients with NYHA class III or IV 
HF were randomized to either a single IV dose of conivaptan or placebo and evalu-
ated over 12 hours for changes in hemodynamics. Both capillary wedge pressure and 
right atrial pressure were significantly reduced in the treatment group compared to 
placebo. However, cardiac index did not improve [117].

The EVEREST study investigated whether short term and long term blockade 
of the V2 receptor with Tolvaptan is beneficial in patients with HF. The results 
confirmed that Tolvapatan when added to standard therapy improved symptoms 
and signs of HF, however no benefit was observed on all-cause mortality or the 
combined endpoint of cardiovascular mortality or hospitalization for worsening HF 
The drug had no significant effect on long term LV remodeling in patient with LVEF 
<30% [118].

2.6 Natriuretic peptides

While the activation of the RAA and SN system is detrimental in HF, other 
counter-regulatory pathways are activated in HF, including the natriuretic peptide 
(NP) system. The NP system consists of atrial (ANP) [119]. B-type (BNP) [120] 
and C-type (CNP) NPs. These hormones regulate blood pressure and fluid homeo-
stasis [121–123]. ANP is synthesized and secreted in atria. BNP is secreted from the 
ventricles in response to mechanical stretch and increased intra-cardiac volume 
and pressure, while CNP mostly originates from endothelial and renal cells and is 
secreted in response to endothelium-dependent agonists and pro-inflammatory 
cytokines [121, 122, 124].

NPs activate three transmembrane receptors: natriuretic peptide receptor 
(NPR)-A, NPR-B and NPR-C.27 The binding of NPs to type A (NPR-A) and type B 
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(NPR-B) receptors activates guanylate cyclase, increasing levels of the second mes-
senger cyclic guanosine monophosphate (cGMP) and its effector molecule protein 
kinase G. This induces natriuresis, diuresis, vasodilation and inhibition of the RAA 
and the SN systems, as well as antifibrotic, antiproliferative and antithrombotic 
effects [121, 122, 124].

Blockade of NP breakdown by neprilysin inhibitors has, therefore, been investi-
gated [125]. Oral neprilysin inhibitors, such as candoxatril, produced clinical ben-
efit in patients with chronic HF [126, 127]. However, candoxatril has no effect on, or 
increases, systolic BP (SBP) in normotensives, an effect prevented by enalapril, and 
does not reduce BP in hypertensive subjects, probably because its vasodilatory effect 
may be offset by an increased activity of the RAAS and sympathetic nervous system 
and/or by downregulation of NP receptors [128, 129]. In addition, since neprilysin 
acts on numerous physiological targets, the effect of candoxatril was broader than 
anticipated [128].

Neprilysin inhibition results in activation of the RAAS, therefore, in order to be 
clinically beneficial, neprilysin inhibition requires concomitant inhibition of the 
RAAS [130]. Vasopeptidase inhibitors are dual inhibitors of ACE and neprilysin 
and, therefore, emerged as a new therapeutic option in HF and hypertension, but 
their pharmacological profile is complex [131]. Omapatrilat was more effective 
than either lisinopril or amlodipine in reducing BP, [131] but in patients with 
chronic HF it was not more effective than enalapril in reducing the combined risk 
of death or hospitalization for HF requiring intravenous treatment [132]. However, 
omapatrilat was discontinued due to the risk of angioedema, possibly due to exces-
sive inhibition of bradykinin degradation (presumably via neprilysin, ACE and 
aminopeptidase P) [133, 134].

Sacubutril/Valsartan is an oral combination medication consisting of the 
neprilysin inhibitor sacubitril and the angiotensin receptor blocker valsartan. 
The combination is called angiotensin receptor-neprilysin inhibitor (ARNi). The 
PARADIGM-HF trial compared sacubitril/valsartan to enalapril [37] in heart 
failure patients with reduced LVEF. The trial was stopped early after a prespeci-
fied interim analysis revealed a significant reduction in the primary endpoint of 
cardiovascular death or heart failure in the sacubitril/valsartan group compared 
to enalapril [135].

3. Inflammation

Ample evidence exists that dilated cardiomyopathy and HF are associated 
with the activation of the immune system resulting in elevated levels of pro-
inflammatory cytokines. In patients with cardiomyopathy and HF, elevated levels of 
tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6) are 
found [136–138]. The best characterized inflammatory molecule in DCM and HF 
is TNF-α.

The importance in understanding the role of inflammation in the pathogenesis 
of dilated cardiomyopathy arises from the observation that many aspects of the 
development of dilated cardiomyopathy can be explained by the biological effects 
of pro-inflammatory cytokines. Cytokines, when expressed at sufficiently high 
concentrations, can mimic the development of the dilated cardiomyopathy phe-
notype features, which include left ventricular remodeling and dysfunction with 
myocyte hypertrophy, changes in fetal gene expression, alteration of the extra-
cellular matrix, and cardiac myocyte apoptosis [139–143]. As it is the case with 
neuro-hormonal activation, overexpression of cytokines results in cardiac direct 
toxicity [144, 145].
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Clinically, the progressive increase in inflammatory cytokine levels is in direct 
relation with NYHA functional class deterioration. Also, data from the VEST trial 
demonstrated a strong correlation between survival and TNF-α levels [146]. Similar 
findings were observed with levels of IL-6 [146].

One of the marks of pro-inflammatory cytokines is their ability to depress LV 
function. Preclinical studies in rodents showed that circulating levels of TNF-α 
that correspond with those observed in patients with HF were sufficient to produce 
negative inotropic effects [139]. Also, transgenic mice with TNF-α overexpression 
studies resulted in depressed LV function [140, 147].

The cytokine hypothesis proposes that cardiomyopathy progression is an inflam-
matory process and that amplification of pro-inflammatory cytokines worsens left 
ventricular dysfunction and facilitates the development of HF [10, 148].

There is significant cross-talk between the neuro-hormonal and the cytokine 
systems [144]. Data have shown that these cytokine signaling pathways aug-
ment local neuro-hormonal activation, which in turn promotes the enhanced 
expression of these same cytokines [144]. For instance adrenergic stimulation as 
seen in HF, induces myocardial TNF-α expression, [149] which in turn attenu-
ates beta-adrenergic responsiveness. Also, Angiotensin II is known to activate 
nuclear factor-kappa B (NF-kB), a redox-sensitive transcription factor that is 
important in stimulating the myocardial inflammatory response, [150] includ-
ing activation of inflammatory cytokines, NO, chemokines and cell adhesion 
 molecules [150, 151].

Clinical studies that have examined the effect of ACE-inhibitors have shown that 
while ACE inhibitors have mixed results in terms of inhibiting pro-inflammatory 
cytokines, Angiotensin Receptor Blockers (ARBs) have consistently led to sig-
nificant decrease in circulating levels of inflammatory mediators such as TNF-α 
in patients with cardiomyopathy and HF [152, 153]. Similar findings have been 
reported with the use of beta-blockers in experimental animal models and clinical 
heart failure studies. Beta-adrenergic blockade with a beta-1-selective adrenergic 
antagonist has demonstrated partial inhibition of the expression of pro-inflamma-
tory mediators in an experimental model of post-infarct LV heart failure remodel-
ing model [55]. In sub-group analysis of the MERIT-HF, treatment with metoprolol 
did not lead to a decrease in the level of pro-inflammatory mediators, whereas in 
a different trial, the use of carvedilol, a non-selective beta-1 and beta-2 adrenergic 
antagonist with anti-oxidant properties resulted in a significant reduction in the 
production of TNF-α [154–156]. These data suggest that here are interactions 
between the renin-angiotensin and adrenergic systems with pro-inflammatory 
cytokines.

3.1 Tumor necrosis factor-α (TNF-α)

TNF-α is recognized as a cytokine with pleiotropic biologic capacities [157, 158].  
TNF affects growth, differentiation and function of every cell type, including 
cardiomyocytes.

TNF-α binds to a lower affinity the type 1 receptor called TNFR1 and a higher 
affinity type 2 receptor called TNFR2. Intracellular signaling occurs as a result of 
TNF-induced cross-linking (oligomerization) of the receptors. Previous studies 
have identified the presence of both types of TNF receptors in the non-failing and 
failing heart [159, 160]. Normal myocardium does not contain TNF-α. In the failing 
heart, with the increased expression of TNF-α, the receptors for TNF-α, TNFR1 and 
TNFR2, are downregulated, [159] similar to the β1 adrenergic receptor downregula-
tion and the SN system in heart failure.
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The majority of the deleterious effects of TNF-α are coupled to activation of 
TNFR1, whereas activation of TNFR2 appears to exert protective effects. Activation 
of TNFR1 is responsible for mediating negative inotropic effects, and cardiac 
myocyte apopotosis [142, 159, 161]. In contrast activation of the type 2 TNF recep-
tor appears to protect the cardiomyocyte against hypoxic stress and ischemic injury 
[159, 162]. Previous studies have shown that both TNFR1 and TNFR2 exist in the 
circulation as circulating soluble receptors and are referred as sTNFR1 and sTNFR2. 
Elevated levels of sTNFR1 and sTNFR2 have been shown to be strong independent 
predictors of adverse outcomes in hospitalized HF patients [146, 163, 164].

Early in the disease process, much of circulating TNF-α is derived from immune 
cell line such as activated macrophages. However, late in disease progression much 
of the TNF-α is produced by the cardiac myocytes themselves [165]. Transgenic 
mice overexpressing TNF will develop an early inflammatory myocarditis that later 
progresses to myocyte hypertrophy, left ventricular dilatation, and progressive 
left ventricular dysfunction [140]. In this model, TNF also activate expression of 
matrix metalloproteinases, [166] which contribute to LV remodeling and dilatation. 
Administration of TNF in experimental animal models at concentrations compa-
rable to those observed in clinical heart failure, produces significant declines in 
myocardial contractility with worsening left ventricular function [139]. In another 
rat model, the infusion of TNF, caused progressive left ventricular enlargement 
with significant degradation of the extra-cellular matrix [167].

The negative inotropic effects of TNF-α on cardiac myocytes are mediated 
through increased expression of iNOS with production of nitric oxide [168, 169] 
and activation of norepinephrine and angiotensinogen II. TNF-α was shown to 
increase the expression of the AT1 receptor in cardiac fibroblasts by a mechanism 
dependent on NF-ϏB, thereby augmenting Ang II effects on cells via an increase 
in AT1 receptor density [170]. Increase of Ang II stimulates the synthesis of 
cardiac fibroblasts and the inhibition of MMP2 activity. Ang II activates NF-ϏB, 
via the AT1 receptor and thus increases the production of pro-inflammatory cyto-
kines [171]. Transgenic mice with TNF-α overexpression demonstrate increased 
levels of both ACE and Ang II [172]. These different studies support the presence 
of cross-talk between the RAA and cytokine signaling pathways. TNF-α also aug-
ments sympathetic activation. Isoproterenol administration in rodents increases 
the expression of TNF-α, IL-1β, and IL-6 [163, 173]. These studies support that 
the sympathetic nervous system regulates positively the cytokine gene expression, 
while cytokines potentiate the effects of catecholamines on the myocardium.

3.2 Interleukin-1 (IL-1)

There are three members of the interleukin-1 (IL-1) family: IL-1α, IL-β, and 
IL-1 receptor antagonist (IL-1Ra) [158]. IL-1α and IL-β are agonist and IL-1 Ra is 
a specific receptor antagonist. Similar to TNF-α, IL-1β appears to be activated in 
response to stressful environmental stimuli [136, 174].

IL-1β expression is elevated in the myocardium of failing hearts and is present 
at high circulating concentrations in patients with dilated cardiomyopathy. The 
primary sources of IL-1β within the myocardium are macrophages and cardiac 
fibroblasts [175, 176]. Similar to TNF-α and IL-6, IL-1β inhibits fibroblast-mediated 
production of collagen and suppresses proliferation of fibroblasts [177, 178]. IL-1β 
also increases the expression and activity of MMP’s which cause destruction of the 
fibrillary collagen network. Moreover, IL-1β induces the expression of nitric oxide 
synthase. Furthermore, IL-1β causes cardiac myocytes hypertrophy and inhibits the 
expression of the fetal genes, β-MHC and skeletal α-actin. In summary, IL-1β alters 
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the phenotype and genotype of cardiac myocytes, [177, 178] while also disrupting 
the composition of the extracellular matrix.

3.3 Interleukin IL-6

Similar to TNF-α and IL-1β, levels of IL-6 are elevated in patients with dilated 
cardiomyopathy and HF. The degree of IL-6 elevation correlates to heart failure 
severity and prognosis [179]. IL-6 signals through its receptor, IL-6R, associates 
with the gp130 cytokine receptor, and forms a membrane complex that activates 
downstream signaling pathways. The source of IL-6 production are cardiac myo-
cytes, fibroblasts and mononuclear inflammatory cells [175]. IL-6 stimulation of 
fibroblasts decreases collagen synthesis and increases MMP activity, contributing to 
disintegration of extracellular matrix [175]. Transgenic mice expressing both IL-6 
and IL-6R develop LV hypertrophy, resulting from activation of the gp130 recep-
tor. Other cytokines within the IL-6 family, including cardiotropin 1 and leukemia 
inhibitor factor, induce cardiomyocyte hypertrophy [180–182]. Thus IL-6 partici-
pates to the alterations of the extracellular matrix and cardiomyocyte hypertrophy.

3.4 Nitric oxide synthases

While the contributions of neuro-hormonal and cytokine signaling pathways to 
ventricular remodeling are well-established, cytokine-mediated increase in inducible 
nitric oxide synthase may be an important downstream pathway that contributes sig-
nificantly to the cardiac remodeling [183, 184]. There are three known members of the 
nitric oxide synthase (NOS) family, [183] neuronal NOS (nNOS or NOS 1), inducible 
NOS (iNOS or NOS II) and endothelial NOS (eNOS or NOS III). Cardiac myocytes in 
the normal heart express mainly eNOS [185]. However, studies have shown that iNOS 
is expressed at high levels in the myocardium of failing hearts [186–188].

Evidence from in vivo studies supports a detrimental effect of iNOS in the failing 
heart. Cardiac specific over-expression of iNOS in transgenic mice leads to cardiac 
fibrosis, dilatation and premature death, [189] although Heger et all reported no 
demonstrable phenotype accompanying iNOS overexpression in the mouse heart 
[190]. Sam et al. demonstrated that 6 months after an MI, the extent of LV dysfunc-
tion and myo-cardiac apoptosis was significantly diminished in iNOS knockout mice, 
supporting a detrimental role of iNOS in this ischemic cardiomyopathy model [191]. 
These data suggest that iNOS may play an important role in ventricular remodeling 
and cardiac myocyte apoptosis. Supporting this concept, iNOS expression in end-
stage failing heart normalized after placement of ventricular assist device [188].

3.5 Anti-inflammation treatment in cardiomyopathy and heart failure

Despite an abundance of evidence implicating the inflammatory pathway in 
HF and cardiomyopathy, and numerous examples of anti-inflammatory therapies 
improving HF in experimental animal models, these agents have been largely 
unsuccessful in treating human cardiomyopathy and HF.

3.5.1 Prednisone

Prednisone was shown to suppress TN-Fα biosynthesis at the translational 
and transcriptional levels. Parrillo et al. randomized 102 patients to prednisone 
versus placebo to 102 patient with dilated cardiomyopathy. Following three months 
of therapy, an increase in LVEF of >5% was observed in 53% of patients receiv-
ing prednisone. All patients were categorized prospectively in two separately 
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randomized subgroups. “Reactive” patients (n = 60) were those who had fibro-
blastic (n = 36) or lymphocytic (n = 2) infiltration or immunoglobulin deposition 
(n = 16) on endomyocardial biopsy, a positive gallium scan (n = 7), or an elevated 
erythrocyte sedimentation rate (n = 18). Nonreactive patients (n = 42) had none 
of these features. At three months, 67 percent of the reactive patients who received 
prednisone had LVEF improvement, as compared with 28 percent of the reactive 
controls (P = 0.004) [192]. The data of this study suggested that patients with idio-
pathic dilated cardiomyopathy may have some improvement when given a high dose 
of prednisone. However, the increase in the ejection fraction was overall small with 
limited duration, and the side effects were important. In conclusion, prednisone 
was judged to have only a marginal clinical benefit, and should not be administered 
as standard therapy for dilated cardiomyopathy.

3.5.2 Etarnecept

TNF-α inhibitors are immunomodulators that are used in a wide variety of 
rheumatological/autoimmune diseases including RA, [193, 194], inflammatory 
bowel disease, [195] and psoriasis/psoriatic arthritis [196].

Etanercept is a human recombinant TNF-α receptor that binds and inactivates 
circulating TNF-α molecules.

Preclinical experimental studies have demonstrated that etanercept reversed the 
deleterious negative inotropic effect of TNF-α [139, 197].

A series of phase I clinical studies in patients with moderate to advanced HF 
showed improvements in 6 –minute walk distance, quality of life and LV cardiac 
function following treatment with etanercept for up to 3 months [198, 199]. 
Subsequently, two large multicenter quality of life clinical trials RENAISSANCE 
(Randomized Etanercept North American Strategy to Study Antogonism of 
Cytokines) and RECOVER (Research into Etanercept Cytokine Antagonism in 
Ventricular Dysfunction) were conducted in HF patients with NYHA class II-IV and 
demonstrated no clinical benefit [200]. The RENEWAL (Randomized Etanercept 
World-wide EvALuation) clinical trial with all cause mortality and hospitalization 
for HF as primary end-point, did not reveal any benefit either with etarnecept [201].

3.5.3 Infliximab

Infliximab is a chimeric monoclonal antibody that binds and inactivates circu-
lating TNF-α that has been shown to be effective in the treatment of Crohn disease 
and rheumatoid arthritis. The ATTACH clinical trial (Anti-TNF-α Therapy Against 
CHF), a phase II study enrolled 150 patients with NYHA class III-IV HF. The results 
of this trial revealed no beneficial effects on clinical status with infliximab. There 
was even a dose related increase in mortality and HF hospitalizations with inflix-
imab when compared to placebo at 14 and 28 weeks, resulting in early termination 
of the trial [202].

3.5.4 Intravenous immunoglobulin

Although the exact mechanism of intravenous immunoglobulin (IVIg) therapy 
is not known, IVig therapy is being used in a wide range of immune-mediated 
disorders, such as dermatomyosis, Kawasaki and multiple sclerosis [203, 204]. 
Based on an initial report that IVIg was beneficial in acute cardiomyopathy, [205] 
Gullestad et al. conducted a double-blind clinical trial with IVIg for 26 weeks in 47 
patients with Class II-III HF, who were receiving standard HF therapy including 
ACE inhibitors and β-blockers. In this study, IVIg induced a marked rise in plasma 
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levels of the anti-inflammatory mediators (IL-10, IL-1 receptor antagonist and 
soluble TNF receptors) and was associated with a significant increase in LVEF 
[206]. Thus in this small study, therapy with IVIg was potentially effective in 
patients with cardiomyopathy and HF, but these results should be confirmed in 
a larger subset of patients and also needs to examine the effect on morbidity and 
mortality of this therapy.

4. Oxydative Stress

Oxidative stress, defined as an excess production of reactive oxygen species 
(ROS) relative to antioxidant defense (Figure 4), has been shown to play an 
important role in the pathophysiology of cardiac remodeling in HF, [6–9, 207]. 
Specifically, ROS activate a broad variety of hypertrophy signaling kinases and 
transcription factors and mediate apoptosis. They also stimulate cardiac fibroblast 
proliferation and activate the matrix metalloproteinases (MMPs), leading to the 
extracellular matrix remodeling. Moreover, ROS can directly impair the cardiac 
contractile function by modifying proteins involved in excitation-contraction 
coupling. These cellular events are involved in the development and progression of 
maladaptive myocardial remodeling and failure.

Oxidation products of several organic molecules including lipids, proteins, and 
nucleic acids have been implicated in the pathogenesis of dilated cardiomyopathy 
and their levels are found to be increased in heart failure. The severity of heart fail-
ure and levels of oxidative stress increase concurrently, which suggests that oxida-
tive stress could be utilized as a biomarker for dilated cardiomyopathy progression.

Oxidative stress is associated with increased production of ROS and reactive 
nitrogen species (RNS), diminished nitric oxide (NO) bioavaibility and reduced 
superoxide dismutase (SOD), glutathione peroxidase and catalase activity. ROS 
are formed as products of oxidation–reduction reactions and include free radical 
molecules such as superoxide (O2−), hydroxyl radical (OH−), lipid peroxyl and 
non-free radical species like hydrogen peroxide (H2O2). RNS like (ONOO−) are 

Figure 4. 
Source of reactive oxygen species (ROS) and their pathophysiological role in heart failure. NOS: Nitric oxide 
synthase.
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formed by the reaction between nitric oxide (NO) and O2− [208]. Cellular ROS are 
generated predominantly as by-products of mitochondrial respiration, NADPH 
oxidase, endothelial nitric oxide synthase (eNOS) [209] and xanthine oxidase 
activity [210].

Clinically, oxydative stress markers have prognostic values as they correlate with 
worsening NYHA functional class and cardiac dysfunction [211, 212]. Several stud-
ies have demonstrated that the lipid peroxidation products such as malondialdehyde 
[MDA] [211] and 4-hydroxynonenal [213] are increased in patients with dilated 
cardiomyopathies compared to normal controls. Myeloperoxidase, a peroxidase 
enzyme present in granulocytes is increased in the serum of patients with dilated 
cardiomyopathy. Increased myeloperidase levels correlate with HF severity. Finally, 
plasma myeloperidase appears also to be an independent predictor of mortality and 
HF hospitalization [212]. Uric acid, produced by the ubiquitous ROS-generating 
xanthine oxidase, is considered as a marker for oxidative stress in the cardiovascular 
system. It is released from the failing human heart, with an inverse correlation 
between the level of uric acid and left ventricular ejection fraction [214]. Increased 
serum uric acid levels are associated with increased filling pressures, reduced 
cardiac index and plasma NT-proBNP [215]. Uric acid is also a strong independent 
predictor of mortality in patients with dilated cardiomyopathy [216].

One consequence of myocardial oxidative stress is myocardial remodeling, 
including myocyte hypertrophy, myocyte apoptosis and alteration of the extracel-
lular matrix.

Oxidative stress has direct effects on cellular structure and function and acti-
vates integral signaling molecules leading to myocardial remodeling and failure 
(Figure 5). Oxidative stress stimulates myocardial growth, matrix remodeling, and 
cellular dysfunction, which involve the activation of several downstream signaling 
pathways. First, ROS activate a broad variety of hypertrophy signaling kinases and 

Figure 5. 
Oxidative stress and heart failure. MAPK: Mitogen-activated protein kinases; JNK: Jun-nuclear kinase;  
PARP-1: Poly(ADP-ribose) polymerase-1; MMP: Matrix metalloproteinases; AP-1: Activator protein-1.
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transcription factors [217]. Oxidative stress stimulates the tyrosine kinase Src, GTP-
binding protein Ras, protein kinase C, mitogen-activated protein kinases (MAPK), 
Jun-nuclear kinase (JNK) and p38. Second, Oxidative stress induces apoptosis, 
another important contributor to remodeling and dysfunction, which is induced by 
ROS-mediated DNA and mitochondrial damage and activation of pro-apoptotic sig-
naling kinases [218]. Third, Oxidative stress causes DNA strand breaks, activating 
the nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP-1). PARP-1 regulates 
the expression of a variety of inflammatory mediators, which facilitate the pro-
gression of cardiac remodeling [219]. Fourth, oxidative stress can activate matrix 
metalloproteinases (MMPs), a family of proteolytic enzymes [220]. MMPs play a 
pivotal role in normal tissue remodeling processes, such as cell migration, invasion, 
proliferation, and apoptosis. MMP activity has been shown to be increased in the 
failing hearts [220, 221]. MMPs are generally produced in an inactive form and are 
activated by reactive oxygen species (ROS). Because MMP can be activated by ROS, 
one mechanism of LV remodeling is the activation of MMPs secondary to increased 
ROS [222]. Sustained MMP activation will lead to extracellular matrix remodeling. 
Fifth, ROS mediate growth responses in ventricular myocytes by stimulating the 
activity of several growth factors including transforming growth factor-β1 (TGF-
β1), [223, 224] VEGF, [225] fibroblast growth factor-2 (FGF-2), [226], and PDGF 
[227]. Sixth, oxidative stress promotes vasoconstriction by increasing the produc-
tion of endothelin-1 [228] and angiotensin II by increased production of 02- via 
the NADPH oxidase [229]. Seventh, oxidative stress upregulates the transcription 
of the factors HIF-1α and HIF-2α expression, [230] factors that are also implicated 
in the development of cardiomyopathy and HF. Eighth, increased oxidative stress 
leads to inflammation and cell injuries due to oxidation of proteins, lipids and DNA 
[209]. Finally, ROS directly influence myocyte contractile function by modifying 
proteins involved in excitation-contraction coupling. Zima and Blatter [231] includ-
ing the ryanodine receptor, the L-type calcium channel, and the Ca2 + ATPase.

4.1 Oxidative stress and mitochondrial DNA damage

In addition to the role of mitochondria as a source of reactive oxygene species 
(ROS), the mitochondria themselves can be damaged by ROS. Increased genera-
tion of ROS in the failing hearts was associated with mitochondrial damage and 
dysfunction, characterized by an increased lipid peroxidation in the mitochondria, 
a reduction in the number of the mitochondrial DNA copy, a decrease in the 
number of mitochondrial RNA transcripts and a reduced oxidative capacity due to 
low complex enzyme activities [232]. They thus can lead to a catastrophic cycle of 
mitochondrial functional decline, further ROS generation, and cellular injury.

4.2 Therapies targeting oxidative stress

To date, there are no positive large-scale clinical trials of antioxidant therapy in 
cardiomyopathy and heart failure.

4.2.1 Coenzyme Q

Coenzyme Q (CoQ ) is an antioxidant via the redox cycle. CoQ inhibits both the 
initiation and the propagation of lipid and protein oxidation.

Preclinical data has provided information across a variety of models supporting 
the pathophysiological role of CoQ10 depletion in HF and the concept of improved 
outcomes with CoQ10 supplementation [233].
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There have been a large number of trials examining the effect of CoQ10 in HF. 
Two meta-analyses have examined the potential benefit of CoQ10. Fotino et al. 
[234] analysis from 13 trials and 395 patients demonstrated an improvement in 
LVEF of 3.67% (95% CI, 1.6%–5.74%) in those receiving CoQ10 versus placebo. 
The majority of benefit of LVEF improvement was in trials published before 1993. 
The other meta-analysis by Madmani et al. [235] looked at 7 studies data with 914 
patients and did not show any significant improvement in LVEF or exercise capac-
ity. Given the significant heterogeneity of the data, it was not possible to make any 
significant conclusion.

The most recent clinical trial with CoQ10l, Q-SYMBIO (Coenzyme Q10 as 
Adjunctive Treatment of Chronic Heart Failure: A Randomized, Double-blind, 
Multicenter Trial With Focus on Symptoms, Biomarker Status) enrolled 420 
patients and demonstrated that compared with placebo, CoQ10 reduced the pri-
mary 2-year end point of cardiovascular death, hospital stays for HF, or mechanical 
support or cardiac transplant (P = 0.005; hazard ratio, 0.5; 95% CI, 0.32–0.80) 
[236]. Although having limitations, this study has renewed interest in evaluating 
CoQ10 supplementation in patients with HF. The results of the trial warrants future 
adequately powered randomized controlled trials of CoQ10 supplementation in 
patients with HF.

4.2.2 Allopurinol

Under normal conditions, the enzyme xanthine oxidase (XO) exists primarily 
in its dehydrogenase form, serving as the rate-limiting step in purine degradation 
to uric acid. Xanthine oxidase catalyzes the transformation of hypoxanthine to 
xanthine and then to uric acid with the associated production of four superoxide 
anions [237]. Xanthine oxidase is therefore a potential major regulator of cellular 
oxidative stress [238].

A large body of experimental and clinical data suggests that oxidative stress con-
tributes to ventricular and vascular remodeling and disease progression in HF. XO is 
a potent source of oxidative stress, and therefore an obvious target for therapy.

Significant hyperuricemia is present in ≈25% of patients with HF with reduced 
ejection fraction, [215, 216] and it is associated with worsening symptoms, exercise 
intolerance, and reduced survival [239–241].

Under conditions of tissue hypoxia similar to HF in an experimental model, 
[242] the breakdown of ATP to AMP to hypoxanthine provides substrate to 
XO. Subsequently, XO uses oxygen rather than NAD as an oxidant. As a result, 
XO produces superoxide and hydrogen peroxide (H2O2) rather than NADH 
[243, 244]. Increased vascular O2• − production has been attributed in major 
part to XO, which has been found to adversely impact endothelial function 
by impairing nitric oxide (NO) signaling [245] and to directly contribute to 
experimental cardiac remodeling.

The Xanthine Oxidase Inhibition for Hyperuricemic Heart Failure Patients 
(EXACT-HF) Study, a randomized trial with 243 HF patients with reduced 
ejection fraction and elevated uric acid levels, xanthine oxidase inhibition with 
allopurinol compared to placebo failed to improve clinical status, exercise  
capacity, quality of life, or left ventricular ejection fraction after 24 weeks.of  
treatment [246].

In summary, oxidative stress appears to play an important role in the patho-
physiology of cardiac remodeling and cardiomyopathy. Thus therapeutic strategies 
to modulate this maladaptive oxidative stress response as seen in cardiomyopathy 
and HF should become a target for future extensive investigation.
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5. Conclusions

Cardiac remodeling represents the culmination of complex interactions between 
neuro-hormonal, stress activated cytokine and oxidative stress signaling pathways. 
These different signaling pathways feedback positively on one another and act in 
concert to initiate and propagate the cellular changes taking place within the remod-
eling ventricle. These pathways stimulate myocyte hypertrophy, increase the rate at 
which myocytes undergo hypertrophy, apoptotic cell death as well as proliferation 
of fibroblasts, some of which may differentiate into contractile myofibroblasts.

This constellation of cellular changes ultimately leads to gross morphological 
features of cardiac dilatation, progressive cardiac dysfunction and worsening heart 
failure. In this manner, these complex series of signaling events that lead to cardiac 
remodeling may very well represent the central pathophysiological mechanisms 
underlying cardiomyopathy progression.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Genetics of Cardiomyopathy
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Abstract

Cardiomyopathies (CMs) encompass a heterogeneous group of structural and 
functional (systolic and diastolic) abnormalities of the myocardium and are either 
confined to the cardiovascular system or are part of a systemic disorder. CMs 
represent a leading cause of morbidity and mortality and account for a signifi-
cant percentage of death and cardiac transplantation. The 2006 American Heart 
Association (AHA) classification grouped CMs into primary (genetic, mixed, or 
acquired) or secondary (i.e., infiltrative or autoimmune). In 2008, the European 
Society of Cardiology classification proposed subgrouping CM into familial or 
genetic and nonfamilial or nongenetic forms. In 2013, the World Heart Federation 
recommended the MOGES nosology system, which incorporates a morpho-func-
tional phenotype (M), organ(s) involved (O), the genetic inheritance pattern (G), 
an etiological annotation (E) including genetic defects or underlying disease/sub-
strates, and the functional status (S) of a particular patient based on heart failure 
symptoms. Rapid advancements in the biology of cardio-genetics have revealed 
substantial genetic and phenotypic heterogeneity in myocardial disease. Given the 
variety of disciplines in the scientific and clinical fields, any desired classification 
may face challenges to obtaining consensus. Nonetheless, the heritable phenotype-
based CM classification offers the possibility of a simple, clinically useful diagnostic 
scheme. In this chapter, we will describe the genetic basis of dilated cardiomyopathy 
(DCM), hypertrophic cardiomyopathy (HCM), arrhythmogenic cardiomyopathy 
(ACM), LV noncompaction cardiomyopathy (LVNC), and restrictive cardiomy-
opathy (RCM). Although the descriptive morphologies of these types of CM differ, 
an overlapping phenotype is frequently encountered within the CM types and 
arrhythmogenic pathology in clinical practice. CMs appear to originate secondary 
to disruption of “final common pathways.” These disruptions may have purely 
genetic causes. For example, single gene mutations result in dysfunctional protein 
synthesis causing downstream dysfunctional protein interactions at the level of the 
sarcomere and a CM phenotype. The sarcomere is a complex with multiple protein 
interactions, including thick myofilament proteins, thin myofilament proteins, and 
myosin-binding proteins. In addition, other proteins are involved in the surround-
ing architecture of the sarcomere such as the Z-disk and muscle LIM proteins. One 
or multiple genes can exhibit tissue-specific function, development, and physi-
ologically regulated patterns of expression for each protein. Alternatively, multiple 
mutations in the same gene (compound heterozygosity) or in different genes 
(digenic heterozygosity) may lead to a phenotype that may be classic, more severe, 
or even overlapping with other disease forms.

Keywords: Inherited cardiovascular disease, Syndromic cardiovascular disease, 
Gene variants, Gene disorders, Genetic syndrome, Pathogenic mutation, Heritable 
cardiomyopathy, Sarcomeric cardiomyopathy, Metabolic disorders, Neuromuscular 
disease
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1. Introduction

Cardiomyopathies (CMs) encompass a heterogeneous group of structural and 
functional (systolic and diastolic) abnormalities of the myocardium and are either 
confined to the cardiovascular system or are part of a systemic disorder. CMs 
represent a leading cause of morbidity and mortality and account for a significant 
percentage of death and cardiac transplantation [1]. The 2006 American Heart 
Association (AHA) classification grouped CMs into primary (genetic, mixed, or 
acquired) or secondary (i.e., infiltrative or autoimmune). In 2008, the European 
Society of Cardiology classification proposed subgrouping CM into familial or 
genetic and nonfamilial or nongenetic forms. In 2013, the World Heart Federation 
recommended the MOGES nosology system, which incorporates a morpho-
functional phenotype (M), organ(s) involved (O), the genetic inheritance pattern 
(G), an etiological annotation (E) including genetic defects or underlying disease/
substrates, and the functional status (S) of a particular patient based on heart 
failure symptoms [2–4]. Rapid advancements in the biology of cardio-genetics have 
revealed substantial genetic and phenotypic heterogeneity in myocardial disease. 
Given the variety of disciplines in the scientific and clinical fields, any desired 
classification may face challenges to obtaining consensus. Nonetheless, the heritable 
phenotype-based CM classification offers the possibility of a simple, clinically 
useful diagnostic scheme (for an example, see [5]). In this chapter, we will describe 
the genetic basis of dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy 
(HCM), arrhythmogenic cardiomyopathy (ACM), LV noncompaction cardiomy-
opathy (LVNC), and restrictive cardiomyopathy (RCM). Although the descriptive 
morphologies of these types of CM differ, an overlapping phenotype is frequently 
encountered within the CM types and arrhythmogenic pathology in clinical prac-
tice. CMs appear to originate secondary to disruption of “final common pathways.” 
These disruptions may have purely genetic causes. For example, single gene muta-
tions result in dysfunctional protein synthesis causing downstream dysfunctional 
protein interactions at the level of the sarcomere and a CM phenotype. The sarco-
mere is a complex with multiple protein interactions, including thick myofilament 
proteins, thin myofilament proteins, and myosin-binding proteins. In addition, 
other proteins are involved in the surrounding architecture of the sarcomere such as 
the Z-disk and muscle LIM proteins (Figure 1). One or multiple genes can exhibit 
tissue-specific function, development, and physiologically regulated patterns of 
expression for each protein. Alternatively, multiple mutations in the same gene 
(compound heterozygosity) or in different genes (digenic heterozygosity) may lead 
to a phenotype that may be classic, more severe, or even overlapping with other 
disease forms.

Figure 1. 
Schematic image of the sarcomere featuring thick/thin filaments and surrounding protein architecture [13].
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2. Heritable cardiomyopathies

2.1 Dilated cardiomyopathy

DCM is mainly characterized by left or biventricular dilatation, increased LV 
mass, and decreased systolic function (Figure 2) [6]. DCM can present with the 
clinical syndrome of systolic heart failure or with or without associated arrhythmias 
or thrombo-embolic disease. Additionally, DCM can be detected in asymptomatic 
individuals. Globally, DCM is the most common form of CM and the leading cause 
of heart transplantation in children and adults. The estimated incidence in the 
pediatric population is between 0.34 to 1.13 cases per 100,000 children per year with 
differences in demographic characteristics [7]. DCM has many known etiologies with 
many more to be discovered. Unfortunately, in many cases, no etiology can be found, 
and the CM is deemed idiopathic. Still, 25 to 50% of patients with idiopathic DCM 
have a positive family history, suggesting an underlying genetic predisposition [8]. 
The majority of genetically triggered cases of DCM are transmitted in an autosomal 
dominant pattern exhibiting variable penetrance. Other forms of inheritance include 
autosomal recessive, X-linked, and mitochondrial (maternally inherited), which are 
more frequent in the pediatric population [2]. Familial DCM occurs in 20 to 60% of 
cases, where approximately 40% of those cases may have a primary monogenic basis. 
However, this percentage is a variable approximation as a more critical evaluation 
of the genes linked to DCM continues to evolve and certain types of variations are 

Figure 2. 
Two-dimensional, apical 4-chamber echocardiographic image depicting an enlarged ventricle with spherical 
geometry and biatrial enlargement secondary to atrioventricular valve insufficiency in a patient with dilated 
cardiomyopathy.
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excluded from being certified as pathogenic [8]. Another conventional classification 
of DCM is based on the presence or absence of systemic disease. Thus, dividing DCM 
into syndromic and non-syndromic forms is a practical approach to evaluating this 
highly heterogeneous disease. The diagnostic rate for gene testing in non-syndromic 
DCM is 46 to 73% [9], but this estimation may likely be confounded by insufficient 
control for population variation. Over the past decade, 47 new genes (for a total of 
60 different genes) have been linked to DCM in the Human Gene Mutation Database 
(HGMD), see Table 1. From these genes, a large-scale analysis revealed truncating 
variants in the titin gene (TNN) were the most common pathogenic mutations in 
non-syndromic DCM [10, 11]. Other core-causative genes include MYH7 (encoding 
beta myosin heavy chain), TNNT2 (encoding troponin T2), LMNA (encoding a 
nuclear envelope protein, lamin A/C), and TPM1 (encoding Tropomyosin 1). Other 
rare pathogenic variants (minor allele frequency) implicated in non-syndromic 
DCM include genes coding for the sarcomere and Z-disk (i.e., actin, myosin-binding 
protein C3, myopalladin, nebulette, ZASP), cytoskeleton (i.e., dystrophin, desmin), 
nuclear envelope (emerin), mitochondria (i.e., Tafazzin), sarcoplasmic reticulum, 
desmosomes, ion channels, and transcription factors [9, 12, 13].

Regardless of the mode of inheritance, pathogenic gene variants result in a 
cardiomyocyte milieu susceptible to stress, leading to downstream dysfunction of 
the contractile apparatus and heart failure, “the final common pathway” hypothesis 
[14]. The term “familial DCM” is frequently applied in the presence of DCM in two 
or more first-degree relatives. The incidence is likely underestimated due to the 
diversity of inheritance patterns, timing of presentation, variable penetrance, and 
lack of symptoms in subclinical disease [15, 16].

2.1.1 Autosomal dominant dilated cardiomyopathy

The most common form of familial DCM is inherited in an autosomal dominant 
pattern [6]. In this sub-type, arrhythmias associated with DCM (DCM-A) are fre-
quently encountered [17]. Genetic heterogeneity exists with at least 30 unique genes 
identified in familial non-arrhythmogenic DCM and five genes for DCM-A [17, 18].

2.1.2 X-linked Cardiomyopathy (XLCM)

XLCM has been reported as an isolated disease of the heart or associated with 
skeletal myopathy such as with Duchenne muscular dystrophy (DMD) or Becker 
muscular dystrophy (BMD). All skeletal myopathies are frequently associated with 
the development of DCM and/or DCM-A. The causative gene codes for the protein 
dystrophin located at the short arm of the X chromosome at Xp21. Dystrophin is a 
cytoskeletal protein that provides structural support to the cardiomyocyte and plays 
a major role in linking the sarcomeric contractile apparatus to the sarcolemma and 
extracellular matrix (ECM) [19, 20]. DMD and BMD are severe muscular dystro-
phies of childhood, affecting ~1 in 3,500 males for DMD and 1 in 300,000 males for 
BMD. Typically, DMD and BMD are characterized by skeletal myopathy, elevated 
serum creatine kinase, and calf pseudo-hypertrophy. DMD is the more severe 
form due to the absence of functional dystrophin, leading to muscle weakness by 
3 years of age and wheelchair dependence by 12 years of age [21]. Cardiac involve-
ment varies with age but is nearly universal by 20 years in all DMD patients. The 
onset of clinical features starts later in life in BMD than in DMD. Histologic studies 
show cardiac muscle replacement with fibrosis. This fibrosis eventually leads to 
ventricular dysfunction/enlargement and is associated with conduction system 
abnormalities and ventricular arrhythmias. Molecular analysis of the DMD gene is 
indicated for diagnosis. If no mutation is detected, skeletal muscle biopsy should 
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be considered for Western blot and immunohistochemistry studies, although this is 
rarely performed in current clinical practice [19, 20, 22–24]. Although less severe, 
female carriers with clinical DMD and BMD are also at risk to develop DCM but at 
a later age. Hence, a complete cardiac evaluation for carrier females every 3-5 years 
starting in adolescence or early adulthood is warranted with concomitant appropri-
ate medical treatment if indicated [25].

2.1.3 Isolated X-Linked Dilated Cardiomyopathy

Isolated XLCM is characterized by consistent early expression and rapid 
progression of CM in males during childhood, later onset with slower progres-
sion in females, and no male-to-male transmission [26]. Linkage analysis of 
X-chromosome-specific DNA markers performed in suspected individuals 
demonstrated preferential involvement of cardiac muscle and normal dystrophin 
by Western blotting in skeletal muscle of the same affected individuals [27]. The 
phenotype and pathologic features described in this population do not differ from 
those in patients with DCM. Hence, the medical management should be provided 
according to the current heart failure guidelines.

2.1.4 Emery-Dreifuss Muscular Dystrophy

Emery-Dreifuss muscular dystrophy (EDMD), also known as humeroperoneal 
muscular dystrophy, is a heterogeneous disorder with X-linked recessive, autosomal 
dominant, and autosomal recessive forms of inheritance [28]. Several forms of 
this disease are considered nuclear envelopathies because they are associated with 
mutations in genes encoding nuclear membrane proteins, including the EMD gene 
encoding for emerin, the LMNA gene encoding for lamin A and lamin C, and the 
SYNE1 and SYNE2 genes encoding for nesprin 1 and nesprin 2, respectively [29]. 
The different forms of EDMD have identical symptoms that usually begin in the 
first or second decade of life. Extremity contractures are often the first manifesta-
tion. Muscle weakness and wasting has a humeroperoneal distribution and tends to 
be slowly progressive. DCM is seen in many patients with EDMD. This condition is 
typically associated with atrioventricular conduction abnormalities such as first-
degree atrioventricular block, sinus bradycardia, or supraventricular tachycardia, 
which may be early signs of cardiac involvement and may be progressive. Symptoms 
of hypoperfusion (syncope or near syncope) often result from infranodal or atrio-
ventricular conduction block with the development of slow junctional rhythms, 
which may require pacemaker placement [30]. The onset of cardiac abnormalities 
is usually in the third decade of life, but earlier onset during adolescence has been 
observed. Additionally, there is no correlation between the degree of neuromuscu-
lar involvement and the severity of cardiac abnormalities [31].

2.1.5 Barth Syndrome

Barth syndrome (BTS) is another X-linked cardioskeletal myopathy that 
encompasses abnormal mitochondrial function, short stature, cyclic neutropenia, 
cardiolipin deficiency, and variable degrees of 3-methylglutaconic aciduria. BTS is 
caused by mutations in the TAZ gene (previously called G4.5), which is located in 
the chromosome Xq28 region and encodes for the Tafazzin protein [32]. Pathologic 
gene variants may result in a wide variety of cardiac phenotypes including 
DCM, HCM, LVNC, and endocardial fibroelastosis. In many cases, affected 
infants succumb to heart failure, arrhythmias, or sepsis secondary to leukocyte 
dysfunction [33, 34].
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2.2 Hypertrophic cardiomyopathy

HCM is the second most prevalent CM in children, representing 40% of cases, 
with an estimated incidence of 0.47 in 100,000 children [35]. HCM is more preva-
lent in boys than in girls and in African American children than in Caucasian or 
Hispanic children. In the pediatric population, the incidence of HCM is 10 times 
higher in patients under 1 year of age than in older children [36]. HCM is a primary 
myocardial disorder with mainly an autosomal dominant pattern of inheritance 
characterized by hypertrophy of the left ventricle (with or without hypertrophy of 
the right ventricle) and histologic features of myocyte hypertrophy, myofibrillar 
disarray, and interstitial fibrosis. While asymmetric septal hypertrophy is the most 
common pattern of hypertrophy, the degree and location of hypertrophy vary. 
Some patients exhibit concentric hypertrophy, harbored in other walls or confined 
to the left ventricular apex (Figure 3) [37].

The clinical presentation of HCM is highly variable, ranging from asymptom-
atic hypertrophy, to symptomatic arrhythmias, to refractory heart failure due to 
diastolic dysfunction, or “burned-out HCM” with the development of systolic 
dysfunction. Notably, diastolic dysfunction can even be detected in individuals with 
HCM who have normal LV wall thickness, suggesting that diastolic dysfunction is 
an early feature of HCM rather than a secondary consequence of hypertrophy [38]. 
Categorization of HCM includes non-syndromic HCM (without other systemic 
involvement) and the syndromic form of HCM (in association with inborn errors of 
metabolism, malformation syndromes, and neuromuscular disorders) [39].

Figure 3. 
Two dimensional images of HCM in the parasternal short axis (A) exhibiting concentric hypertrophy with 
significant involvement of the interventricular septum (IVS) and corroborated by the parasternal long axis 
view (B). Cardiac MRI also shows significant thickening of the IVS (C).
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Approximately 20–30% of individuals with non-syndromic HCM and no family 
history of HCM harbor a pathogenic variant in a known gene encoding a compo-
nent of the sarcomere. However, 50–60% of adults and children with a positive 
family history of HCM harbor a pathogenic gene variant. Furthermore, 3–5% of 
affected individuals have more than one sarcomere gene variant (either biallelic 
variants in 1 gene or heterozygous variants in >1 gene) [40, 41].

2.2.1 Non-syndromic Hypertrophic Cardiomyopathy

More than two decades ago, the first chromosome locus (14q11.2-q12) encod-
ing components of the sarcomere (beta-myosin heavy chain) was elucidated as 
the pathogenic basis for familial HCM [42]. Since then, more than 1,400 muta-
tions in 27 identified genes have been associated with HCM, see Table 2 [43]. 
The vast majority have autosomal dominant transmission, but mitochondrial 
and autosomal recessive patterns have been also described [44–46]. Most of the 
disease-causing mutations implicated in HCM include mutations in the MYH7 
gene (encoding beta-myosin heavy chain) and in the MYBPC3 gene (encoding 
cardiac myosin-binding protein C). These mutations account individually for 
40%, and the remaining genes (TNNT2, TPM1, ACTC1, TNNI3, TTN, MYL2, and 
others) account collectively for 10% of cases [47]. Most of these mutations involve 
missense mutations (resulting in a direct amino acid change) and frameshift-type 
mutations (insertions or deletions of the number of nucleotides), which alter the 
properties of the protein involved. The prevalence of causal genes varies among 
different populations. Collective results of genetic epidemiologic studies suggest 
that up to 70% of the causal genes in familial cases and up to 40% in sporadic 
HCM cases have a genetic mutation identified [44–46]. In our experience in the 
past 10 years, approximately 70% of non-infantile individuals have an identifiable 
mutation in a sarcomere-encoding gene, whereas fewer mutations (approximately 
20%) are identified in infants.

Mouse models of sarcomeric mutations have shown changes in cardiac chem-
istry and diastolic function well before myocardial hypertrophy is observed [48]. 
Moreover, the genetic defect in a gene encoding for a sarcomeric protein may 
disrupt normal contraction and relaxation with dysregulation of calcium in the 
sarcomere. Thus, reduced calcium reuptake and decreased stores in the sarcoplas-
mic reticulum will trigger a remodeling process by several transcription factors, 
resulting in the hypertrophy of the cardiomyocytes and increased energy demand, 
which eventually results in ischemia, fibrosis, and death [44]. There is no reliable 
correlation between the genotype and phenotype among the identified sarcomeric 
mutations, except for those patients harboring multiple mutations [49].

2.2.2 Syndromic hypertrophic cardiomyopathy

HCM has been associated with multiple phenotypically distinct disorders. 
Improvements in sequencing technologies and phenotypic characterization and the 
incorporation of epigenetics have expanded our understanding of syndromic CMs.

2.2.2.1 RAS/MAPK pathway syndromes

Since the discovery of the first gene (PTPN11) associated with Noonan 
syndrome in 2001, multiple genes (RAF1, SOS1, KRAS, NRAS, BRAF, MAP2K1 
[MEK1], MAP2K2 [MEK2], HRAS, and SHOC2) have been identified in the RAS/
mitogen-activated protein kinase (MAPK) pathway. This pathway is important 
for control of cell proliferation and differentiation. Thus, dysregulation results in 
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a spectrum of disorders known as “RASopathies” including Noonan and Noonan-
like syndromes such as LEOPARD, Costello, and cardiofaciocutaneous syndrome 
(CFC) [50].

The management of RASopathies should involve a multidisciplinary team with 
expertise in the assessment of cardiac structural defects, HCM, and arrhythmias. 
Surveillance with periodic echocardiography (HCM), electrocardiography (rhythm 
disturbances), neurologic and eye examination, evaluation for scoliosis, and assess-
ment of growth and cognitive development is also recommended.

2.2.2.1.1 Noonan syndrome

Noonan syndrome is relatively common with a prevalence of ~1 in 3500 
people. This disease is inherited in an autosomal dominant pattern, although 
new cases are common because the de novo mutation rate is high. Clinical 
manifestations of Noonan syndrome include short stature, as well as dysmor-
phic features including hypertelorism, down-slanting palpebral fissures, low-set 
posteriorly rotated ears, lymphatic anomalies, and webbing of the neck. The 
estimated frequency of cardiac disease is 50 to 80%, and the disease is mainly 
characterized by pulmonary valve stenosis, branch pulmonary artery stenosis 
and Tetralogy of Fallot, in addition to HCM. PTPN11 gene mutations are more 
common in individuals with pulmonary stenosis, characteristic facial features, 
and short stature, while mutations in the RAF1 gene are associated with HCM 
in up to 95% of individuals [51]. The myocardial involvement in these patients 
is typically diagnosed during infancy with findings of asymmetric septal 
hypertrophy associated with myocyte disarray [52, 53]. With progression of the 
disease, the combination of biventricular outflow track obstruction is poorly 
tolerated and associated with increased mortality. Presentation during infancy 
without congestive heart failure is associated with a 70% three-year survival 
rate; when associated with congestive heart failure, the 6-month survival rate 
decreases to 30% [54].

Surgical relief of right ventricular outflow tract obstruction (RVOTO) is recom-
mended in patients with more than a mild degree of obstruction. Septal myectomy 
is also advised when left ventricular outflow tract obstruction (LVOTO) is associ-
ated with heart failure symptoms, although re-growth of the LVOTO is common 
when myectomy is performed in patients younger than one year of age. In some 
children, heart transplantation is necessary.

2.2.2.1.2 LEOPARD syndrome

LEOPARD syndrome, also called Noonan syndrome with multiple lentigines, 
is a rare autosomal dominant disorder caused by mutations in the protein tyrosine 
phosphatase gene, PTPN11. LEOPARD is an acronym for the major features of this 
disorder, including multiple lentigines, electrocardiogram conduction abnormali-
ties, ocular hypertelorism, pulmonic stenosis, abnormal genitalia, retardation of 
growth, and sensorineural deafness [55]. Multiple lentigines, present in more than 
90% of patients, are the most prominent manifestation of LEOPARD syndrome. 
Lentigines appear during infancy and early childhood and increase in number 
over time to involve a large portion of the skin, including the face, neck, and upper 
trunk. The diagnosis of LEOPARD is difficult, given the highly variable expressiv-
ity of the syndrome. In the first year of life, before the appearance of lentigines, 
the diagnosis can be clinically suspected in infants presenting with characteristic 
facial features, HCM, and café-au-lait macules. The diagnosis can be confirmed by 
molecular screening for PTPN11 mutations [56].
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2.2.2.1.3 Costello syndrome

Costello syndrome is a rare disorder with substantial clinical overlap with other 
RASopathy syndromes. This disorder is caused by mainly de novo heterozygous 
mutations in the HRAS gene, with more than 90% of the mutations clustered in 
codons 12 and 13 [57]. Costello syndrome is characterized by failure-to-thrive in 
infancy, short stature, characteristic facial features, curly/sparse hair, papillomata, 
osteoporosis, malignancies (such as embryonal rhabdomyosarcoma), cardiovascu-
lar malformations (such as pulmonary stenosis and HCM), rhythm disturbances 
(such as multifocal atrial tachycardia), and neurological abnormalities including 
intellectual disability [58].

2.2.2.1.4 Cardiofaciocutaneous (CFC) syndrome

Cardiofaciocutaneous (CFC) syndrome also has substantial clinical overlap 
with other RASopathy syndromes because of its common ectodermal involve-
ment as well as findings of intellectual impairment and cardiac anomalies. Skin 
abnormalities can be extensive and include hyperkeratosis, eczema, palmoplantar 
hyperkeratosis, and keratosis pilaris. The hair is typically sparse and curly. CFC 
syndrome is characterized by cardiac abnormalities (pulmonary valve stenosis, 
other valve dysplasias, septal defects, HCM, and rhythm disturbances). HCM is 
identified in approximately 40% of cases and presents more commonly during 
infancy, but it can develop at any age [59]. Neoplasia, mostly acute lymphoblastic 
leukemia (ALL), has been reported in some individuals [50, 60]. Diagnosis is based 
on clinical findings and molecular genetic testing. Common genes associated with 
CFC syndrome include BRAF (~75%), MAP2K1 and MAP2K2 (~25%), and MEK2 
and KRAS (<2%) [61–63].

2.2.2.2 Metabolic disorders associated with cardiomyopathy

Congenital metabolic disorders result from absent or abnormal enzymes—or 
their cofactors—which can lead to accumulation or deficiency of a specific metabo-
lite. Although these disorders exhibit different modes of inheritance, most are 
transmitted in an autosomal recessive or mitochondrial pattern. The possibility of 
an inborn error of metabolism should be considered in infants, children, and young 
adults who present with any of the cardiovascular phenotypes or laboratory features 
described below. Optimal outcomes for children with these disorders depend upon 
early recognition of the signs and symptoms of metabolic disease, prompt evalu-
ation, and referral to a center with expertise in cardiovascular genetics. Delay in 
diagnosis may result in acute metabolic/hemodynamic decompensation, progres-
sive neurologic injury, or death.

2.2.2.2.1 Pompe disease

Pompe disease, also known as glycogen storage disease type II, is an autosomal 
recessive metabolic disorder that affects muscle and nerve cells throughout the 
body. This condition occurs secondary to accumulation of glycogen in lysosomes 
due to a deficiency of the lysosomal acid alpha-glucosidase enzyme. The build-up 
of glycogen leads to progressive myopathy and weakness throughout the body 
affecting various tissues including the liver, nervous system, and—most notably—
skeletal muscle and myocardium. The Pompe phenotype varies widely [64]. In the 
infantile form, muscles appear normal but are limp and weak, preventing normal 
development. Elevated creatine kinase, lactate dehydrogenase, and aspartate 
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aminotransferase (AST) are common. ECG reveals a short PR interval with giant 
QRS complexes in all leads, suggesting biventricular hypertrophy. As the disease 
progresses, HCM may result in cardiorespiratory failure. Without treatment, death 
usually occurs due to heart failure and respiratory weakness within the first year 
of life [65]. The juvenile and adult forms present with a variable age of onset. The 
primary clinical finding is skeletal myopathy with a more protracted course, leading 
to respiratory failure. Affected children usually present with delayed gross-motor 
development and progressive weakness in a limb-girdle distribution. Early involve-
ment of the diaphragm is a common feature leading to death in the second or third 
decade of life. In contrast to the infantile form, mild and non-specific cardiac 
abnormalities can be detected in patients with late-onset disease [66]. Enzyme 
replacement therapy usually results in decreased ventricular hypertrophy, reduced 
LV outflow tract obstruction, and normalization of the conduction system [67].

2.2.2.2.2 Danon disease

Danon disease, also known as glycogen storage disease type IIb, is an X-linked 
lysosomal and glycogen storage disorder associated with skeletal muscle weak-
ness and intellectual disability. Danon disease involves a genetic defect in the 
LAMP2 gene located at chromosome Xq24, which encodes the lysosome-associated 
membrane protein and alters the normal protein structure. While the function of 
the LAMP2 gene is not well understood, LAMP2 protein is primarily located in 
lysosomes. HCM and electrophysiologic abnormalities are the major cardiovascular 
consequences of glycogen accumulation with resultant myocardial degeneration. 
Ventricular preexcitation is encountered at a much higher frequency in Danon 
disease than in sarcomere-related HCM [68, 69]. The cardiac degeneration is usu-
ally appreciated clinically by the presence of HCM during childhood or adolescence 
with subsequent transition to a DCM phenotype with progressive heart failure 
[70]. Female carriers have also been described in this disorder and are attributed to 
unfavorable lyonization [71]. They commonly develop symptoms in their 30s to 40s 
and can be afflicted with DCM.

2.2.2.2.3 Fabry disease

Fabry disease is considered the most prevalent lysosomal storage disorder. This 
disease is an X-linked inborn error of the glycosphingolipid metabolic pathway and 
involves deficiency of the lysosomal hydrolase alpha-galactosidase A (alpha-Gal 
A) mapped to the long arm of the X chromosome (Xq22.1) [72]. Several hundred 
mutations in the GLA gene have been identified. Most cases are familial and few 
originate from de novo mutations [73]. Patients with Fabry disease may present with 
a spectrum of clinical manifestations, ranging from the severe classic phenotype 
in males to asymptomatic disease in females. The enzyme deficiency results in 
accumulation of glycosphingolipids in the lysosomes in nearly all cell types and 
tissues, leading to multisystem disease including neurologic (paresthesia and 
pain crises), dermatologic (angiokeratomas and telangiectasias), ophthalmologic 
(corneal dystrophy), renal (proteinuria and renal insufficiency), and cardiac 
manifestations by the second to fifth decades of life [74]. Cardiac disease is 
relatively common in Fabry disease. Patients may develop HCM (similar to that 
seen in sarcomeric HCM), arrhythmias, and valvar abnormalities. Management of 
cardiovascular symptoms and the prevention of complications rely on conventional 
pharmacologic and device-based therapies, but data on the effect of enzyme 
replacement therapy suggest it has the potential to attenuate and possibly reverse 
some aspects of cardiac involvement [75, 76].



Cardiomyopathy - Disease of the Heart Muscle

120

2.2.2.2.4 Friedreich’s ataxia

Friedreich’s ataxia is an autosomal recessive inherited disease with an 
estimated incidence of 1 in 50,000 in the general population. The genotype is 
characterized by trinucleotide repeat expansion of a normal codon affecting the 
protein frataxin, a mitochondrial inner membrane protein important for iron 
homeostasis. As the defect lies within an intron (which is removed from the 
mRNA transcript between transcription and translation), this mutation does not 
result in the production of abnormal frataxin. Instead, the mutation decreases 
the transcription of the gene through gene silencing. Low frataxin levels lead to 
insufficient biosynthesis of iron–sulfur clusters that are required for the mito-
chondrial electron transport chain to ultimately generate adenosine triphosphate 
(ATP). The major clinical manifestations of Friedreich’s ataxia include progressive 
neurologic dysfunction (gait ataxia, optic atrophy, loss of position and vibration 
sense), diabetes mellitus, and myocardial involvement. The cardiac phenotype 
is manifested by arrhythmias and HCM. Heart failure remains the leading cause 
of death in this population [77, 78]. HCM is seen in approximately two-thirds 
of patients with Friedreich’s ataxia, and one-third of those cases develop during 
childhood [79].

2.2.2.2.5 Mitochondrial cardiomyopathy

Mitochondria are the main energy source in cells due to the ability to perform 
oxidative phosphorylation via proteins in the mitochondrial respiratory chain. 
Several genes are involved in the role of cellular energy production. Mutations in 
these genes may result in severe involvement in organs that are heavily dependent 
on energy production, such as the brain, heart, and skeletal muscle. Mitochondrial 
DNA (mtDNA) is exclusively maternally inherited, whereas nuclear DNA follows 
Mendelian inheritance. The frequency of cardiac involvement in mitochondrial 
disease is 17–40%, and the estimated prevalence of inherited mitochondrial disease 
is at least 1 in 5,000 births [80]. More than 40 different types of mitochondrial 
disease have been associated with the development of HCM. Many forms of mito-
chondrial disease associated with HCM present during infancy. Because diagnosing 
mitochondrial disease can be challenging for clinicians, it is recommended that 
a multidisciplinary team (including a geneticist or mitochondrial specialist) be 
involved in the diagnosis and management [81]. Mitochondrial CM is characterized 
by abnormal heart-muscle structure, function, or both. These abnormalities result 
from genetic defects involving mitochondrial activity in the absence of concomitant 
coronary artery disease, hypertension, valvular disease, or CHD. The typical car-
diac manifestations of mitochondrial disease include the presence of arrhythmias, 
hypertrophic HCM, LVNC and DCM. Worsening cardiovascular disease may occur 
during a metabolic crisis [80–82].

Barth syndrome, described earlier in this chapter, is an X-linked disorder 
caused by pathogenic variants in the TAZ gene on chromosome Xq28, resulting in 
an inborn error of lipid metabolism, cardiolipin deficiency, 3-methylglutaconic 
aciduria, and cyclic neutropenia. BTS patients may occasionally develop any form 
of CM, including HCM [32].

2.2.2.2.6 MELAS

MELAS (mitochondrial encephalopathy, lactic acidosis, and stroke-like 
episodes) is a multisystem clinical syndrome. Cardiac involvement is manifested by 
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nonobstructive concentric hypertrophy (HCM), although DCM, Wolff-Parkinson-
White (WPW) syndrome, and atrial tachycardia have also been reported [83–85]. 
Several genes have been postulated to cause MELAS, including the ones listed in 
Table 3.

2.3 Left ventricular noncompaction cardiomyopathy

LVNC is characterized by the presence of trabeculations, deep intertrabecular 
recesses, and a thin compacted myocardial layer in the left, right, or both ventricles. 
The incidence of LVNC is unknown, but some studies estimate 0.014% to 1.3% 
in the general population [4]. However, with improved echocardiographic and 
cardiac MRI quality and increasing awareness of LVNC in recent years, the  
incidence is likely underestimated [34]. Clinically, nine forms of LVNC have 
been described as follows: [1] the “benign” form of LVNC with normal systolic 
function, normal chamber sizes and thickness, and no history of arrhythmias; 
[2] the arrhythmogenic form of LVNC; [3] the DCM form of LVNC; [4] the HCM 
form of LVNC; [5] the mixed/undulating CM form of LVNC; [6] the RCM form 
of LVNC; [7] the biventricular noncompaction CM form; [8] the right ventricular 
noncompaction form (RVNC); and [9] LVNC associated with congenital heart 
disease [34, 81, 86, 87]. The various phenotypes are depicted in Figure 4. The 
clinical presentation may range from asymptomatic to a severe course accompanied 
by heart failure requiring heart transplant, arrhythmias, sudden cardiac death, 
and thromboembolic phenomena [88]. Familial cases are well-documented, and 
autosomal dominant transmission is the most common inheritance pattern (with 
variable penetrance and phenotypic heterogeneity). Other modes of inheritance 
include X-linked, autosomal recessive, and mitochondrial [43]. In pediatric and 
adult cohorts, the diagnostic rate of gene testing in patients with LVNC ranges 
from 17–41% depending on patient selection and the number of genes screened. 
An  estimated 18 to 50% of probands have a family member with LVNC [89, 90]. 
One of the first genetic causes of isolated LVNC was described in 1997 in the gene 
G4.5/TAZ located at chromosome Xq28 [88]. Since then, multiple pathologic 
gene variants have been described as potential causes of LVNC. Genes  encoding 
sarcomeric and cytoskeletal proteins (TTN, ACTN2, RBM20, LMNA, DES, 
DYS, DTNA, LDB3, MYH7, MYBPC3, ACTC1) as well as genes associated with 

Gene/locus Gene location

MTTL1 Mitochondrial

MTTQ Mitochondrial

MTTH Mitochondrial

MTTK Mitochondrial

MTTC Mitochondrial

MTTS1 Mitochondrial

MTND1 Mitochondrial

MTND5 Mitochondrial

MTND6 Mitochondrial

MTTS2 Mitochondrial

Table 3. 
Genes associated with MELAS [83–85].
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cardiac morphogenesis (FKBP12, MIB1, Tbx20, Nkx2-5, Smad7, NF-ATc, Jarid2), 
ion  channels (SCN5A, HCN4, RYR2), and mitochondria (NNT, TAZ) have been 
implicated in the development of LVNC [90–93]. Along with sarcomere-encoding 
and cytoskeleton-encoding genes, pathogenic variants in a variety of genes, 
 including SCN5A, LMNA, RBM20, TTN, and DES, have been associated with 
LVNC and rhythm disturbance [94–95]. In addition, homozygous deletions in 
desmoplakin (DSP) and plakophilin 2 (PKP2)—desmosomal protein-encoding 
genes that cause arrhythmogenic CM and DCM—have been identified in LVNC 
patients [96]. Moreover, mutations in the mitochondrial genome and chromosomal 
abnormalities have been associated with LVNC, including 1p36 deletion, 7p14.3p14.1 
deletion, 18p subtelomeric deletion, 22q11.2 deletion, distal 22q11.2, trisomies 18 
and 13, 8p23.1 deletion, and tetrasomy 5q35.2-5q35 (Table 4) [34, 47, 91, 97–99].

Additionally, LVNC has been associated with several genetic syndromes and 
inborn errors of metabolism such as Coffin-Lowry syndrome, Sotos syndrome, 
Charcot–Marie–Tooth disease, Noonan syndrome, and BTS [100–103]. A recent study 
also demonstrated a higher prevalence of LVNC among patients with heterotaxy than 
among the general population, suggesting possible common genetic mechanisms [104].

2.4 Arrhythmogenic Cardiomyopathy (ACM)

This CM is an arrhythmogenic myocardial disorder not explained by  ischemia, 
hypertension, or valvular heart disease. ACM was previously referred to as 

Figure 4. 
LVNC phenotypes. (A) Echocardiographic 4-chamber view displays the benign type of LVNC characterized by 
the cardinal feature of left ventricular trabeculations (arrow) with normal anatomy and function; (B) cardiac 
magnetic resonance (cMRI) 4-chamber view displays the dilated type of LVNC, notice the enlargement of 
the LV and the presence of apical and lateral trabeculations (arrow); (C) echocardiographic 4-chamber view 
shows the hypertrophic type of LVNC represented by asymmetric hypertrophy of the interventricular septum 
and the presence of lateral LV trabeculations (arrow); (D) echocardiography displaying the restrictive type 
of LVNC, notice the significant bilateral atrial enlargement (arrows) and the left ventricular dysfunction 
showing spontaneous cavitary contrast; (E) echocardiography shows features suggestive of bilateral ventricular 
hypertrabeculations (arrows); (F) cMRI in a short axis view displays a mixed LVNC phenotype represented 
by dilated and dysfunctional ventricles in a patient with ventricular arrhythmias and biventricular 
trabeculations (arrows).
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arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD, ARVC). 
The reported prevalence of ACM is as common as 1 in 1,000-5,000 people [105]. 
The clinical diagnosis may be supported by evidence of conduction disease, 
 supraventricular arrhythmias, and/or ventricular arrhythmias originating from any 
cardiac structure. ECG abnormalities include right bundle branch block pattern, an 
epsilon wave (defined as a low-amplitude deflection located between the end of the 
QRS and the onset of the T wave in leads V1–V3), and T wave inversion(s) recorded 
in leads V1–V4. Classically, the RV is dilated and contains fibro-fatty infiltration  
of the myocardium. The left ventricle is overtly affected with less frequent 
 involvement. Notably, ACM clinically overlaps with other CM types, particularly 
DCM. However, ACM is distinct in that it is marked by arrhythmia at presentation 
with or without biventricular dilation and/or impaired systolic function [106]. 
This heritable disorder is usually transmitted in an autosomal dominant pattern 
(with variable penetrance), although autosomal recessive patterns reportedly  
affect junctional plakoglobin (JUP) and desmoplakin (DSP) in families with 
 cardiocutaneous disease from Greece, Italy, India, Ecuador, Israel, and Turkey [107]. 
The most notable autosomal recessive diseases include Naxos disease (a homozygous 
pathogenic variant in the gene encoding the protein plakoglobin characterized by 
ACM, a non-epidermolytic palmoplantar keratoderma, and wooly hair) and Carvajal 
syndrome (caused by a homozygous pathogenic gene variant that truncates the 
DSP protein) [107, 108]. Analysis of first- and second-degree relatives of patients 
with ACM suggest that up to 50% of ACM cases are familial [109]. Pathogenic gene 
variants within the desmosomal proteins are the main cause of “classic” ACM [110]. 
Pathogenic gene variants in the three main classes of desmosomal proteins account 
for 60% of affected patients [111]. Overall, the three groups of desmosomal proteins 
include transmembrane desmosomal cadherins (including DSC2 and DSG2),  
DSP (a plakin family protein that attaches directly to the intermediate filament 
desmin in the myocardium), and linker proteins such as armadillo family proteins 
(including JUP and PKP2 that mediate interactions between the desmosomal 
 cadherin tails and DSP) [112]. Pathogenic variants in the PKP2, DSP and DSG2 
genes are found in approximately 80% of classic ACM cases [112]. Overall, the most 
commonly mutated gene is plakophilin, which accounted for 46–61% of patients 
from two different registries [113]. In addition to desmosomal proteins, genes 
 encoding proteins that interact with these desmosomal proteins have been found 
in ACM. These proteins include: transforming growth factor β3 (TGF-β3), which 
conveys cytokine-stimulating fibrosis and modulates cell adhesion and growth; 
transmembrane protein 43 (TMEM43), an adipogenic transcription factor; DES, 
which binds DSP; and TTN, which bridges the sarcomere along its longitudinal axis 
and forms a continuous filament along the myofibril [18]. To date, approximately 18 
causative genes involved in ACM have been identified [106, 109], please see Table 5. 
Notably, compound and digenic heterozygosity is involved in ACM pathogenesis 
in up to 20% of cases and leads to more severe disease [114, 115]. Sarcoidosis and 
Brugada syndrome are commonly mistaken for ACM.

2.5 Restrictive cardiomyopathy (RCM)

RCM is rare, accounting for approximately 5% of all CMs. RCM is characterized 
by normal or decreased volume of both ventricles associated with atrial enlarge-
ment (left or bi-atrial), normal LV wall thickness, normal atrioventricular valve 
function/structure, impaired ventricular filling with restrictive physiology, and 
normal (or near normal) systolic function, please see Figure 5 [4, 116].

The clinical course is defined by the inability to fill the ventricles due to poor 
ventricular relaxation, which limits the cardiac output. The disease may manifest 
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with exercise intolerance, dyspnea, edema, atrial fibrillation, syncope, or sudden 
cardiac death. The hallmark of non-invasive imaging is atrial or bi-atrial enlarge-
ment. Normal or mild concentric hypertrophy with normal or reduced ventricular 
cavity can also be seen. Familial disease has been reported in 30% of cases and 
usually exhibits autosomal dominant inheritance. However, autosomal recessive, 
X-linked, and mitochondrial-transmitted disease have also been reported [117]. 
Most patients with RCM harbor gene mutations in sarcomere-encoding genes, such 
as TNNI3 (most common), TNNT2, MYH7, ACTC1, TPM1, MYL3, and MYL2, see 
Table 6 [18, 118]. Gene variants in the desmin gene have been reported in associa-
tion with atrioventricular block and skeletal myopathy [119, 120].

RCM can be classified based on the underlying process: non-infiltrative; 
infiltrative; associated with storage diseases; idiopathic; or combined with DCM, 
HCM, and LVNC [116]. As with DCM, many previous cases deemed idiopathic 
are later found to harbor causative pathogenic variants in sarcomeric genes. Non-
infiltrative causes of RCM include scleroderma and systemic sclerosis with well-
described polymorphisms in genes coding for ECM proteins [121]. Pseudoxanthoma 
elasticum is an inherited disorder associated with accumulation of mineralized 
elastic fibers that may lead to blindness, coronary arterial occlusive disease, and 
RCM. The ABCC6 gene on chromosome 16p13.1 is responsible for the calcification 
of elastic fibers [122]. Infiltrative causes of RCM include amyloidosis, a group of 
diseases characterized by extracellular deposition of insoluble fibrillar proteins with 
concomitant destruction of normal tissue structure and function. Approximately 
20 different proteins cause cardiac amyloidosis. In the hereditary disease type, more 
than 100 gene mutations are known at present [123, 124]. The Val122Ile variant of 
transthyretin (TTR) is the most common [125]. Sarcoidosis can also cause systolic 
dysfunction and arrhythmias. The strongest genetic associations are found within 
the human leucocyte antigen (HLA) gene and functional polymorphisms within 
the butyrophilin-like 2 (BTNL2) gene [126].

Lysosomal storage disorders are characterized by abnormal lysosomal metabo-
lism leading to accumulation of various glycosaminoglycans, glycoproteins, or 
glycolipids within lysosomes of various tissues, including the myocardium. Gaucher 

Figure 5. 
Two-dimensional, apical 4-chamber echocardiographic image depicting small, restrictive ventricles and 
significant biatrial enlargement in a patient with restrictive cardiomyopathy.
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disease and Fabry disease (two of the most common lysosomal disorders) may 
manifest as CM (HCM or RCM), valvular disease, coronary artery disease, and/or 
aortic enlargement [127].

Mucopolysaccharidoses (Hurler and Hunter diseases) are characterized by the 
deficiency of enzymes required for the breakdown of glycosaminoglycans. Thus, 
these diseases are considered lysosomal storage disorders. Cardiac manifestations 
start from childhood and include RCM, endocardial fibroelastosis, and valvular 
disease including thickening of the leaflets with resultant stenosis and/or insuf-
ficiency. Storage diseases such as hemochromatosis (mutation in the HFE gene) 
cause a mixture of systolic and diastolic dysfunction often accompanied by  
arrhythmias [128].

In summary, CM is a widely variable disease process with a similarly vari-
able pattern of genetic inheritance. Our understanding of the interplay between 
genetic mutation and disease phenotype is ever-evolving and merits much deeper 
investigation.

Gene Protein Pattern of 
Inheritance

Disease 
Association

OMIM# Locus

BAG3 Bcl2-Associated 
Athanogene 3

AD LVNC, HCM, 
DCM

603883 14q24.3

DES Desmin AD, AR RCM, DCM, 
ACM

125660 17q21

FLNC Filamin C AD RCM, HCM, 
ACM, LVNC

102565 10q22.2

MYBPC3 Myosin-Binding Protein 
C, Cardiac

AD RCM, HCM, 
DCM, LVNC

600958 Xq28

MYH7 Myosin, Heavy Chain 7, 
Cardiac Muscle, Beta

AD RCM, HCM, 
DCM, LVNC

160760 7p14.2

MYL3 Myosin, Light Chain 
3, Alkali, Ventricular, 

Skeletal, Slow

AD, AR RCM, HCM 160790 1q32

MYOZ2 Myozenin 2 AD RCM, HCM, 
DCM

605602 3p25.1

MYPN Myopalladin AD RCM, HCM, 
DCM

608517 12q23.1

TNNI3 Troponin I Type 3 
(Cardiac)

AD RCM, HCM, 
DCM

191044 3p21.1

TNNT2 Troponin T Type 2 
(Cardiac)

AD RCM, HCM, 
DCM, LVNC

191045 17q12

TPM1 Tropomyosin 1 (Alpha) AD RCM, HCM, 
DCM

191010 19q13.4

AD – Autosomal dominant; AR – Autosomal Recessive; XL – X-linked; DCM – Dilated cardiomyopathy; HCM – 
Hypertrophic cardiomyopathy; LVNC – Left ventricular non-compaction cardiomyopathy; ACM – Arrhythmogenic 
cardiomyopathy; RCM – Restrictive cardiomyopathy.

Table 6. 
List of common genes and patterns of inheritance in RCM.
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Chapter 6

The Role of Genetics in
Cardiomyopaties: A Review
Luis Vernengo and Haluk Topaloglu

Abstract

Cardiomyopathies are defined as disorders of the myocardium which are
always associated with cardiac dysfunction and are aggravated by arrhythmias,
heart failure and sudden death. There are different ways of classifying them.
The American Heart Association has classified them in either primary or secondary
cardiomyopathies depending on whether the heart is the only organ involved or
whether they are due to a systemic disorder. On the other hand, the European
Society of Cardiology has classified them according to the different morphological
and functional phenotypes associated with their pathophysiology. In 2013 the
MOGE(S) classification started to be published and clinicians have started to
adopt it. The purpose of this review is to update it.

Keywords: cardiomyopathy, primary and secondary cardiomyopathies,
sarcomeric genes

1. Introduction

Cardiomyopathies can be defined as disorders of the myocardium associated
with cardiac dysfunction and which are aggravated by arrhythmias, heart failure
and sudden death [1]. The aim of this chapter is focused on updating and reviewing
cardiomyopathies.

In 1957, Bridgen coined the word “cardiomyopathy” for the first time and in
1958, the British pathologist Teare reported nine cases of septum hypertrophy [2].
Genetics has played a key role in the understanding of these disorders. In general,
the overall prevalence of cardiomyopathies in the world population is 3%.

The genetic forms of cardiomyopathies are characterized by both locus and allelic
heterogeneity. The mutations of the genes which encode for a variety of proteins of
the sarcomere, cytoskeleton, nuclear envelope, sarcolemma, ion channels and
intercellular junctions alter many pathways and cellular structures affecting in a
negative form the mechanism of muscle contraction and its function, and the sensi-
tivity of ion channels to electrolytes, calcium homeostasis and how mechanic force in
the myocardium is generated and transmitted [3, 4].

Panels of genes are performed to diagnose the different mutations of the genes
that can be the cause of the disorders although it is not certain that these disorders
might be caused by these mutations. Increasing insight has shown the overlapping
of the different types of cardiomyopathies [3].

There are different ways of classifying them. In 2006, the American Heart
Association classified them in either primary or secondary cardiomyopathies
depending on whether the heart was the only organ involved or the disorder was a
found in a systemic disease. On the other hand, in 2008, the European Society of
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Cardiology classified them according to the different morphological and functional
phenotypes associated with their pathophysiology. In 2013, the MOGE(S) classifi-
cation was described [1, 5–11].

2. Classification

The American Heart Association (AHA) classified cardiomyopathies as primary
those in which the heart is the only organ affected and can be genetic, mixed or
acquired and secondary, those in which the heart is affected as part of a systemic
disease. On the other hand, the European Society of Cardiology (ESC) classified
them according to morphological and functional phenotypes involving their patho-
physiology (Tables 1 and 2) [1, 7–12].

In 2013, MOGE(S), the new cardiomyopathy classification system, was devel-
oped. The MOGE(S) system, which is based on the TNM classification scheme for
tumors, will be a useful tool for the diagnosis, management, and treatment of
cardiomyopathies as well as the TNM classification is to the management of cancer.
The nomenclature of the MOGE(S) classification system used in cardiomyopathies
is easier to describe and understand. This latter configuration system has a descrip-
tive language or code and it allows physicians to comprehend what the different
types of cardiomyopathy are and what mutation each patient has It is a descriptive
genotype–phenotype system. The MOGE(S) classification is based on five attributes
and describes how it can be used on patients who have one of the disorders.
Therefore, MOGE(S) stands for: (M) morphofunctional characteristic; (O) organ
involvement; (G) genetic or familial inheritance pattern; (E) specific etiological
characteristics; (S) Stage of heart failure (functional classes). The MOGE(S)

Genetic Hypertrophic cardiomyopathy
Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplasia
Left Ventricular Noncompaction
Conduction defects (Lenegre-Lev disease)
Ion channels disorders: Long QT syndrome
Brugada syndrome
Short QT syndrome
Catecholaminergic polymorphic
ventricular tachycardia
Mitochondrial defects.

Mixed Dilated cardiomyopathy
Restrictive cardiomyopathy

Acquired Inflammatory (cardiac amyloidosis)
Takotsubo
Peripartum
Tachicardia-induced
Infants of insulin-dependent diabetic mothers

Table 1.
Primary Cardiomyopathies

CARDIOMYOPATHIES HCM
DCM
ACM
RCM
Unclassified

Genetic Disease subtypes
Unidentified gene defect

Non genetic Disease subtypes
Unidentified gene defect

Table 2.
European Society of Cardiology. Classification of the cardiomyopathies.
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classification system will, undoubtedly, not only help in the diagnosis, but in the
management of the different cardiomyopathies as well. It will definitely help to
diagnose a cardiomyopathy in the early stages that is to say when the disorder is not
yet present allowing to physicians to start treatment quickly (Table 3) [5, 6, 13–16].

Let us show a couple of examples regarding the several cases in which this
classification can be applied.

Let us discuss a patient with Friedriech’s ataxia. The patient was a Caucasian
male who had normal milestones and at age 10 he started with progressive gait. On
examination he had Babinski reflex, pes cavus. The disorder progressed very
quickly. He had limb ataxia and pyramidal signs appear. He underwent surgery
because of the scoliosis and had his spine braced. At age 15, he had dysarthria, distal

M
Morphofunctional
phenotype

O
Organ
involvement

G
Genetic pattern

E
Etiology

S
Stage

Cardiomyopathy
diagnosis
1)HCM (H)
a) H (obs)
obstructive
b) H (noObs) non
Obstructive3)
2)DCM (D)
3)RCM (R)
4 R EMF 5)
Endomyocardial
fibrosis
6)ARVC/D (A)
7)LVNC (NC)
8)Early
(specifyiing the
different
subgroups)
a)E(H)
b)E(D)
c)E (R)
d)E (A)
Channelopaties
(are not included)
0 Unaffected
NA not available
NS Non specific
phenotype

0: Absence of
involvement
H: Heart
M Skeletal
Muscle
A: Auditory
C: Cutaneous
E: Eye, Ocular
G:
Gastrointestinal
K: Kidney
Li: Liver
Lu: Lung
N: Nervous
S: Skeletal

Inheritance
A- Familial:
AD: autosomal
dominant
AR: autosomal
recessive
XLD: X-inked
dominant
XLR: X-inked
recessive
Mit:
mitochondrial
B.Non familial:
Phenotipically
sporadic 1.
Families:
a) Informative
b) non
Informative
2. Family
history not
known by
patient
Family
screening
1. affected
asymptomatic
relatives who do
not know they
have the
disorder.
2. Abnormal
ECG and
echocardiogram
detected in
relatives
3.Normal ECG
and
echocardiogram
in relatives who
have no
symptoms.

Index cases should
be tested
1. If Positive
relatives
should also be tested
2.If Negative
novel genes should
be tested and
relatives regular
check-ups
G-OC: Obligate
carrier
G-ONC: Non carrier
G-G-A-Genetic
amyloidosis
G-HFE
Hemochromatosis
DN De novo
mutation
G-Neg Test Negative
for an unknown
mutation
G-N mutation not
yet Identified
0 No genetic test
performed
Non-genetic etiologies
A: amyloidosis (each
type has to be stated)
A: autimmune
Eo:
hypereosinophilic
heart disease
I: infectious diseases
M: myocarditis
V: viral infection
state the gene that
causes the disorder
(if the molecular was
performed) and the
mutation found

The stage depicted by
the letters A,B,C or D
of the
American College of
cardiology- American
Heart Association
(ACC-AHA)
NA: not applicable
NU: not used
Followed by the class
of the New York
Heart association
(NYHA) which is
described by I, II, II,
IV
stands for the
functional status
(and functional class.
(This is optional).

Table 3.
The MOGE(S) system for classifying cardiomyopathy patients.
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wasting, spasticity. The wasting of his muscles could be observed in his limbs. His
fingers resembled aranodactyly.He was wheelchair-bound. Very intelligent person.
Chest X ray: cardiomegaly. He never developed diabetes mellitus. He had several
bouts of pneumonia. Serial ECGs showed repolarization wave abnormalities.
Echocardiograms showed concentric left ventricular hypertrophy and normal ejec-
tion fraction. Pulmonary functional tests showed that he had restrictive pulmonary
syndrome of scoliotic origin. Cranial CT scan demonstrated he had cerebellar atro-
phy. At age 19, he suffered from depression and he developed urinary urgency.
Molecular test confirmed the diagnosis showing a GAA triplet repeat size over
2000.

MH(T wave abnormalities) for hypertrophic cardiomyopathy and T wave
abnormalities.

OH+M+N+Lu+S The organs affected were the heart, skeletal muscles, neurological,
lung and skeletal problems,

GAR: the disorder is inherited in an autosomal recessive pattern.
EG-FXN intron 1 GAA repeats >2000.
SC-II.
Therefore, the patient could be classified as MH(T wave abnormalities)

OH+M+N+Lu+SGAREG-FXN (intron 1 GAArepeats > 2000) SC-II.
The other case is a 17-year-old Caucasian male who had a mitochondrial myop-

athy presenting the typical clinical features of KSS. The patient had intellectual
disability, short stature and hypogrowth. Bilateral palpebral ptosis. External
ophtalmoplegia. Dyspnea at rest. Pigmentary retinal degeneration Sensorineural
loss. Muscle weakness. Cerebellar syndrome. Ataxia. He denied having a disease and
did not want to have any more tests performed. Atrioventricular block appeared in
the different ECGs. Echocardiograms showed dilated cardiomyopathy. Muscle
biopsy showed ragged-red cells. Electron microscopy and no molecular test was
performed. No other family member had the disease.

MD(AVB). for dilated cardiomyopathy with atrioventricular block.
OH+M+N+Lu+S The organs affected were the heart and the skeletal muscles and

had neurological, lung and skeletal problems,
GAR: the disorder is a mitochondrial disorder.
EG-0: no molecular testing was run.
SC-II.
The patient could be classified as followed MD(AVB) OH+M+N+E+LiGMitEG-0SC-II.

3. Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) has commonly been described as an
unexplained hypertrophy of the left ventricle which develops in the absence of
systemic hypertension, valvular heart disease or amyloidosis. The left ventricular
hypertrophy (LVH) is usually asymmetric and involves the septum leading to a
decrease of the left ventricular chamber [1, 4, 10, 12, 17].

The 2020 AHA/ACC guideline has defined it as the common definition of
primary cardiomyopathies in which the heart is the only organ involved [18]
while Europeans do not take into account the loading conditions in adult
patients, but the wall thickness of the left ventricle which has to be greater than
13 mm and two standard deviations from the predicted mean (z-score > 2) [19, 20].

HCM is a familial disease which has locus heterogeneity. It is inherited in an
autosomal dominant pattern in fifty percent of the cases, but autosomal recessive
and X-linked HCM have also been described [1, 12, 17, 21–26]. The clinical
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presentation is variable and the clinical severity can even lead to, heart failure and
sudden death. Many patients can be asymptomatic, whereas others will need a heart
transplant [18, 27, 28]. It is the most common cause of death in young athletes while
practicing sports [12, 27, 29, 30].

The prevalence of HCM varies from 1:200 to 1: 500 [4, 12, 31–33]. The
cardiac sarcomere is a complex structure and it is a long way to completely
unraveled the pathophysiology of HCM. Most mutations in HCM are private of
each family thus presenting allelic heterogeneity, incomplete penetrance as well as
myocyte hypertrophy and variable interstitial fibrosis. Genetic and environmental
modifiers also play an important part in the development of the HCM [1, 4, 12,
18, 34–36].

A decade ago, there were thirty-three genes in the world literature that have
been reported to be involved and caused the disease. The genetically based HCM are
due to mutations in the cardiac sarcomere or the associated proteins (See Table 4).
This has changed now and the classification of HCM is based on the ClinGen
framework for evaluating gene-disease clinical validity. The genes that are consid-
ered to cause most likely HCM areMYH7,TNNT2,TPM1, MYBPC3, ACTC1,TNNI3,
MYL2 and MYL3. The different gene variants are now classified as definitive,
strong, moderate, limited and no reported evidence. Conflicting evidence
reported is defined when there is contradictory evidence reported and there are
cases that were first described as HCM but later on they could not be confirmed
[18, 19, 37–45].

There seems to be no correlation between the phenotype of the patients and the
location of the mutations. Most of the mutations are usually missense with excep-
tion of the mutations in the MYBPC3 gene in which it is common to find insertions,
deletions and truncation mutations due to some frameshift mutations [1, 12, 17, 36,
46, 47].

There are syndromic phenotypes associated with HCM. Among them
cardiofacial syndromes are commonly referred as RASopathies (Noonan, Leopard,
Costello syndromes), neurological diseases (Frederich’s ataxia which is caused by
the expansion of GAA sequence in intron 1 of the frataxin gene), mitochondrial
diseases caused by deletion syndromes (KSS, MELAS, MERFF; LOHN), metabolic
disorders of lysosomal storage diseases (Anderson-Fabry disease (GLA mutations),
Hurler’s syndrome (absence of alpha-L-iduronidase,) and glycogen storage diseases
(Wolf-Parkinson-White syndrome caused by mutations in the PRKAG2 gene),
Forbes´ disease (mutations in the AGL gene) and Pompe disease [mutations in the
alpha-1,4-glucosidase (GAA)]; infiltrative diseases (Danon disease that has muta-
tions in LAMP2 gene). Other disorders that have HCM are Noonan syndrome
caused by the syndromic genes PTPN11, RAF1 and RIT and myofibrillar myopathies
caused by mutations in BAG3, FLNC and ZASP [11, 26, 36, 40, 48, 49].

4. Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is characterized by an enlargement of the left
ventricular chamber with impaired left ventricular systolic function, which is pro-
gressive and, in some cases, has secondary diastolic dysfunction. The prevalence of
DCM is greater than 1 in 2500. DCM is the most common cause of congestive heart
failure in young patients. The prevalence is ~36: 100,000 in the U.S The most
common feature is congestive heart failure, though, conduction impairment, syn-
cope and sudden death may also occur. Cardiac transplantation is sometimes the
only solution to the disease [12, 50–55].
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HCM gene Symbol Locus
name

Chromosome
locus

Protein Mode of
inheritance

ClinGen
Gene
Validity
Classification

Beta-myosin
heavy chain

MYH7 CMH1 14q11.2 Myosin heavy
chain, cardiac
muscle beta isoform

AD Definitive

Troponin T TNNT2 CMH2 1q32.1 TroponinT, cardiac
muscle

AD Definitive

alpha-
tropomyosin

TPM1 CMH3 15q22.1 Tropomyosin1
alpha chain

Definitive

Myosin-
binding
protein C

MYBPC3 CMH4 11p11.2 Myosin-binding
protein C, cardiac-
type

AD AR Definitive

Troponin I TNNI3 CMH7 19q13.42 TroponinI, cardiac
muscle

AD Definitive

Actin ACTC1 CMH11 15q14 Actin, alpha cardiac
muscle 1

AD Definitive

Regulatory
myosin light
chain

MYL2 CMH10 12q.24.11 Myosin regulatory
light chain 2,
ventricular/
cardiacmuscle
isoform

AD Definitive

Essential
myosin light
chain

MYL3 CMH8 3p.21.31 Myosin light
polypeptide 3

AD
AR

Definitive

HGNC PLN CMH18 6q22.31 Phospholamban AD Definitive

Alpha
kinase3

ALPK3 CMH27 15q25.3 Alpha-protein
kinase 3

AR Strong

Cysteine-
rich protein
3

CSRP3 CMH12 11p15.1 Cysteine- and
glycine-rich protein
3

AD Moderate

slow-twitch
skeletal

TNNC1 CMH13 3p21.1 Cardiac troponin C AD Moderate

junctophilin JPH2 CMH17 20q13.12 Junctophilin-2 AD Moderate

alpha-
actinin-2

ACTN2 CMH23 1q43 Actinin, α2 AD Moderate

NEXN gene NEXN CMH20 1p31.1 Nexilin AD Limited

Ankyrin
repeat
domain-
containing 1

ARKD1 10q,21 Ankyrin repeat
domain 1

AD Limited

CALR3 gene CALR3 19p13.11 Calreticulin AD Limited

Telethonin TCAP CMH25 17q.12 Telethonin AD Limited

MYOZ2 gene MYOZ2 CMH16 4q26 Myozenin 2
(calsarcin 1)

AD Limited

Titin TTN CMH9 2q.31.2 Titin AD Limited

Tripartite
motif
containing
63

TRIM63 1p36.11 Muscle ring finger
protein 1

AD Limited

144

Cardiomyopathy - Disease of the Heart Muscle



It is known that hypertension, valve disease, viral infections, toxins, drugs,
metabolic disorders among others can cause DCM, but in almost 40% of DCM
patients the cause of the disorder is due to a genetic mutation [12, 26, 53, 56].

The familial cases of DCM present autosomal dominant, autosomal recessive or
X-linked inheritance so it can be stated that there is. both locus and allelic hetero-
geneity (See Table 2). The autosomal dominant pattern is undoubtedly the most
frequent mode of inheritance. It has been demonstrated that DCM has reduced
penetrance and expressivity is always variable. The mutations of the genes involved
in DCM are those which encode cytoskeletal, sarcomeric, mitochondrial, desmo-
somal, nuclear membrane, and RNA-binding proteins [53, 54, 57, 58]. Generally
speaking, the onset of DCM is in adulthood although its appearance has great
variability [59, 60]. When the mutation is in one of the sarcomeric genes the
affected patients are usually young adults [12, 61]. The most common genes that
cause DCM are FLNC,TTN and LMNA. The truncating mutations found in FLNC
and in TTN account for 4% and in 15–25% of the DCM cases respectively. 10% of
cases are due to mutations in LMNA. It has been observed that patients with
mutations in both LMNA and FLNC have a poor prognosis and are more susceptible
to having an arrhythmogenic phenotype [12, 56, 62, 63].

The MOGE(S) classification can also be applied to patients that have been
diagnosed with DCM and it has been observed there is a worse prognosis with the
presence of multiple attributes [13, 64] (Table 5).

5. Restrictive cardiomyopathy

Familial restrictive cardiomyopathy (RCM) is a rare disease, which is inherited
in autosomal dominant pattern with incomplete penetrance [65]. The exact preva-
lence of RCM is unknown [7]. In childhood, RCM accounts for 2–5% of cardiomy-
opathies and has a poor prognosis [10, 12, 66, 67].

HCM gene Symbol Locus
name

Chromosome
locus

Protein Mode of
inheritance

ClinGen
Gene
Validity
Classification

Kruppel-like
factor 10

KLF10 8q22.3 AD Limited

Myosin
heavy chain
α gene

MYH6 CMH14 14q11.2 Myosin heavy chain
α

AD Limited

Myomesin 1 MYOM1 18p11.31 AD Limited

Myoalladim MYPN CMH22 10q.21.3 AD Limited

Obscurin OBSCN 1q42.13 AD Limited

PDLIM3 4q35.1 PDZ and LIM
domain protein 3

AD Limited

Ryanodine RYR2 1q43 Cardiac Ryanodine
2

AD Limited

Myosin light
chain kinase
2 gene

MYLK2 CMH1
digenic

20q11.21 Myosin heavy chain
α

ADDD Limited

Table 4.
Genes that cause HCM.
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DCM gene Symbol Locus
name

Chromosome
locus

Protein Mode of
inheritance

Lamin A/C
gene

LMNA CMD1A 1q21 lamin A and lamin C AD

LDB3 gene CMD1C 10q22-q23 LIM domain-binding protein 3 AD

TNNT2
gene

TNNT2 CMD1D 1q32 Troponin T, cardiac muscle AD

SCN5A CMD1E 3p Sodium channel protein type 5
subunit alpha

AD

TTN gene TTN CMD1G 2q31 Titin AD

DES gene DES CMD1I 2q35 Desmin AD

EYA4 gene EYA4 CMD1J 6q23-q24 Eyes absent homolog 4 AD

SGCD gene SGCD CMD1L 5q33 Delta-sarcoglycan AD

CSRP3 gene CSRP3 CMD1M 11p15.1 Cysteine and glycine-rich
protein 3

AD

TCAP gene TCAP CMD1N 17q12; Telethonin AD

ABCC9
gene

CMD1O, on 12p12.1; ATP-binding cassette,
subfamily C, member 9

AD

PLN gene PLN CMD1P on 6q22.1;, Cardiac phospholamban AD

ACTC1
gene

ACTC1 CMD1R 15q14 Actin, alpha cardiac muscle 1 AD

MYH7 gene MYH7 CMD1S 14q12; Myosin 7 AD

TMPO gene TMPO CMD1T 12q22 Hymopoietin AD

PSEN1 gene PSEN1 CMD1U 14q24.3 Presenilin-1 AD

PSEN2
gene

PSEN2 CMD1V 1q31-q42; Presenilin-2 AD

VCL CMD1W 10q22-q23 Vinculin AD

FKTN FKTN CMD1X 9q31 Fukutin AR

TPM1 gene TPM1 CMD1Y 15q22.1 tropomyosin-1 AD

TNNC1
gene

TNNC1 CMD1Z 3p21.3-p14.3 slow troponin-C AD

ACTN2
gene

ACTN2 CMD1AA 1q42-q43; Alpha-actinin-2 AD

DSG2 gene DSG2 CMD1BB 18q12.1-q12.2; desmoglein-2 AD

NEXN gene NEXN CMD1CC 1p31.1 Nelin AD

RBM20
gene

RBM20 CMD1DD 10q25.2; RNA-Binding motif protein 20 AD

MYH6 gene MYH6 CMD1EE 14q12 Myosin 7 AD

TNNI3
gene

TNNI3 CMD1FF 19q13.4; Troponin I, AD

SDHA gene SDHA CMD1GG 5p15; Succinate dehydrogenase
complex subunit A

AD

BAG3 gene BAG3 CMD1HH 10q25.2-q26.2 BCL2-associated athanogene 3 AD

TNNI3
gene

TNNI3 CMD2A, 19q13.42 Troponin I, cardiac muscle AR
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RCM is characterized by abnormal diastolic function, which has a restrictive
filling pattern, a reduced diastolic volume of one of the ventricles or both ventricles,
enlargement of the atria, pulmonary hypertension, and heart failure. In the early
stages of the disorder the systolic function may be normal, but as the disease pro-
gresses, the systolic function generally declines [12, 68–70].

The list of RCM-associated genes includes sarcomeric and cytoskeletal genes
often similar to those genes observed in HCM and DCM, but in total the genotyping
success rate is quite low, corresponding approximately to 30%. The familial RCM is
linked to the cardiac troponin genes. RCM1 is caused by a mutation in the TNNI3
gene on chromosome 19q13. This gene encodes the cardiac muscle isoform of
troponin 1. RCM2 has been mapped to chromosome 10q23. RCM3 is caused by
mutation in the TNNT2 gene. Mutations in the sarcomere gene, alpha-cardiac actin
gene (ACTC) have also been reported to cause RCM. Cardiomyopathy, familial
restrictive 5 is caused by mutations in the FLNC gene on chromosome 7q32. In
many cases RCM can be observed overlapping with either HCM or DCM [10, 26,
66–68, 70–76].

Fabry’s disease, Hurler syndrome, Gaucher’s disease, haemochromatosis and
glycogen storage diseases are among the diseases in which RCM can be observed
[10, 26].

6. Arrhythmogenic cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM) is a rather new word used to describe
what previously was known as Arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/ARVD). The prevalence has been estimated 1:5000 in the general
population.

Later on, it was observed that in many cases the left ventricle was also affected
(ALVC) thus this disorder started to be called ACM.

The age of onset is between 10 and 50 years old. The clinical features include
ventricular tachyarrhythmias, electrocardiographic abnormalities, systolic heart
failure, syncope and sudden death. It is a frequent cause of sudden death in young
people and athletes ACM is characterized by fibro-fatty replacement of the myo-
cardium, apoptosis and inflammation [8, 12, 77, 78].

It is transmitted most of the time in an autosomal dominant pattern; though
autosomal recessive families have also been reported. The data has shown the
inheritance could be even be oligogenic or multifactorial where environmental

DCM gene Symbol Locus
name

Chromosome
locus

Protein Mode of
inheritance

GATAD1
gene.

GATAD1 CMD2 7q21.2 GATA zinc finger domain
containing protein 1

AR

Dystrophin
gene

DMD CMD3B Xp21.2 dystrophin X-linked

LAMP2
gene

LAMP2 Danon
disease

Xq24 lysosome-associated membrane
protein-2

X-linked

TAZ gene TAZ Xq28 dystrophin X-linked

Table 5.
Genes that cause DCM.
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factors intertwine to cause the disease. Incomplete penetrance and great variability
in the symptoms have been observed [7, 12, 77–84].

The two first disorders to be described were Naxos disease and Carvajal syn-
drome, which are inherited in an autosomal recessive pattern. The former is caused
by mutations in the plakoglobin gene on chromosome 17q21,2 and the latter by
mutations in the desmoplakin gene on chromosome 6p24 [12, 77, 78, 80, 85–88].

Desmosomes are intercellular junctions that link intermediate filaments to the
plasma membrane and are essential to tissues that experience mechanical stress
such as the myocardium. Mutations in the cardiac desmosome genes are to be held
responsible for most of the cases that cause the disorder (See Table 6). The prog-
nosis of those who have a mutation in these genes is much worse [12, 79, 89–91].

There are overlapping syndromes. Myofrillar myopathies genes such as filamin
C can cause ARLV [77]. The mutations p.S13F, p.E114del and p.N116S in the desmin
gene have the same ARVC cardiac phenotype. In transfection cells aggresome
formation in the cytoplasm was observed [12, 82, 92, 93]. The members of the
Swedish family who were diagnosed with ARVC7 linked to chromosome 10q23.2
had instead the p.Pro419Ser mutation in DES [94, 95]. In mutations in the SCN5A
gene the mutations can cause ARVC with Brugada syndrome, long QT syndrome or
DCM. In both Titin and lamin A/C ACM overlaps with DCM [12, 77].

7. Non-compaction cardiomyopathy

Non-compaction cardiomyopathy (NCCM) has been classified as a primary
cardiomyopathy with a genetic etiology. The age of onset varies from neonatal to
adult hood. There is variability in the clinical features which include heart failure,
arrhythmias and thromboembolism, but patients can also be asymptomatic.

ARCV gene Symbol Locus
name

Chromosome
locus

Protein

Transforming growth factor
beta- 3

TGFB3 ARVD1 14q24.3 Transforming growth
factor beta-3

Ryanodine receptor 2 RYR2 ARVD2 1q43 RYR2

Unknown Unknown ARVD3 14q12-q22 Unknown

Unknown Unknown ARVD4 2q32.1-q32.3 Unknown

transmembrane protein 43 TMEM43 ARVD5 3p25.1 Transmembrane protein 43

Unknown Unknown ARVD6 10p14-p12 Unknownn

Desmin DES ARVD7 2q35 Desmin

Desmoplakin DSP ARVD8 6p24.3 Desmoplakin

Plakophilin-2 PKP2 ARVD9 12p11.21 Plakophilin-2

Desmoglein-2 DSG2 ARVD10 18q12.1 Desmoglein-2

Desmocollin-2 DSC2 ARVD11 18q12.1 Desmocollin-2

Junction plakoglobin JUP ARVD12 17q21.2 Junction plakoglobin

Alpha-T-catenin CTNNA3 ARVC13 10q21.3 Catenin

Cadherin2 CDH2 ARVC14 18q12.1 Cadherin

Table 6.
Genes that cause ARVC.
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The most common congenital heart defects in NCCM are Ebstein’s anomaly, septal
defects and patent ductus arteriosus.

The patients have a thickened two-layered myocardium with a thin, compact,
epicardial layer and a severely thickened endocardial layer with a ‘spongy’
appearance due to prominent trabeculations and intertrabecular recesses [96–102].

The majority of the patients have an autosomal dominant mode of inheritance.
Mutations in several genes coding for sarcomeric proteins such as β-myosin heavy
chain (MYH7), cardiac myosin-binding protein C (MYBPC3), α-cardiac actin
(ACTC1), cardiac troponin T (TNNT2), α-tropomyosin (TPM1) and cardiac
troponin I (TNNI3). have been described in NCCM.

While mutations in the tail domain of MYH7 and TTN have been reported to be
associated to NCCM with DCM and have a poor patient ouycome, mutations in
MYBPC3 are linked to NCCM with HCM. Mutations in DES, DSP, FKTN, HCN4,
KCNQ1, LAMP2, LMNA, MIB1, NOTCH1, PLN, RYR2, SCN5A, and TAZ have also
been described [12, 98, 102–107].

8. Takotsubo cardiomyopathy

Takotsubo cardiomyopathy is characterized by an acute but transitient LV sys-
tolic dysfunction without atherosclerotic coronary artery disease and it is triggered
by psychological stress. It is more common to find it in women than in men.
Although some genes are considered to be involved in developing the disorder there
is controversy about this and many believe Takotsubo cardiomyopathy is not
genetically determined [108–112].

9. Ion channel disorders

The cell membrane transit of sodium and potassium ions is ruled by the ion
channel genes which encode proteins responsible for the right transit of these ions.
Mutations in these proteins lead to a group of familial disorders [113]. These ion
channel disorders include long QT syndromes (LQTS), of which the Romano Ward
syndrome is the commonest, the short-QT syndrome (SQTS), Brugada syndrome,
and the catecholaminergic polymorphic ventricular tachycardia (CPVT). 5–10% of
the sudden deaths in children can be associated to ion channel disorders [78,
114–117]. Many of the mutations found in these genes overlap in the different traits.

9.1 Long QT syndromes (LQTS)

LQTS is an arrhythmia syndrome characterized by a prolonged QT interval
ECG, torsades de pointes and a higher chance of sudden cardiac death. In most of
the cases it is inherited in an autosomal dominant pattern. The prevalence is 1:2000.
The most common syndromes are LQT1 (40–55%), LQT2 (30–45%) and LQT3
(5–10%). The autosomal dominant mutations are found in genes KCNQ1, KCNH2
and SCN5A respectively whereas TRDN is an autosomal recessive gene (Table 7).
While in LQT1 cardiovascular symptoms that can lead to sudden death occur during
exercise, in LQT2 the symptoms appear with auditory stimuli and in LQT3 during
rest or sleep [71, 114, 118].

The Jervell and Lange-Nielsen syndrome (JLNS) is inherited as an autosomal
recessive trait. The affected children present symptoms before the age of three and
they died before the age of 15 if they are not treated. The prevalence can vary
considerably and it depends on the population studied. The patients have a more
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severe QT prolongation (greater than 500 msec) which is associated which
tachiarrhythmias including torsade de pointes, ventricular fibrillation, syncope and
sudden death. Mutations in the KCNQ1 gene on chromosome 11p15.5-p15.4 and
KCNE1 gene on chromosome 21q22.12, have been reported in the affected
individuals [116, 119].

Timothy syndrome is a rare autosomal dominant disorder that is due to either a de
novomutation or parent germline mosaicism. Mutations in the gene CACNA1C cause
the two forms of the disorder: the classic, type 1, and type 2. The reported cases of the
patients suffering type 1 syndrome have shown complete penetrance [120]. This
complex multisystem disorder has a long QT syndrome associated with various
forms of congenital heart defects such as tetralogy of Fallot and hypertrophic car-
diomyopathy Webbing of both fingers and toes have been observed. Type 2 patients
did not have syndactily [121]. Children died at age of 2.5 years due to ventricular
tachycardia and ventricular fibrillation, infection or malignant hypoglycemia.

The Andersen–Tawil syndrome (LQT7) presents with QT interval prolongation,
hypokalemic periodic paralysis and facial dysmorphism. The type 1 disorder disease
is caused by mutations in KCNJ2 while type 2 is due to mutations in KCNJ5-GIRK4
gene [119, 120, 122–129].

9.2 Short-QT syndrome

Short-QT syndrome is a familial disease that is characterized by a high incidence
of sudden death. Patients with this disease have QT intervals that are <300 ms, and
increased risk of atrial and ventricular arrhythmia.

Long QT syndromes Gene Protein

LQT1 KCNQ1 Kv7.1 potassium channel

LQT2 KCNH2 kV11./hERG Kv11.1 potassium channel

LQT3 LQT3 NaV1.5 sodium channel

LQT4 ANK2 ankyrin B

LQT5 KCNE1 minK

LQT6 KCNE2 MiRP1

LQT7 (Andersen-Tawil syndrome) KCNJ2 Kir2.1

LQT8 (Timothy syndrome) CACNA1C CaV1.2

LQT9 CAV3 Caveolin-3

LQT10 SCN4B Β4-subunit of the voltage-dependent Na + channel

LQT11 AKAP9 A-kinase anchor protein-9

LQT12 SNTA1 α1-syntrophin

LQT13 KCNJ5 Kir3.4

LQT14 CALM1 calmodulin

LQT15 CALM2 calmodulin

CALM3 calmodulin

TRDN Triadin

RYR2 ryanodine receptor 2

TRPM4 Transient receptor potential melastatin 4

Table 7.
Genes that cause long QT syndromes.
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It is an autosomal dominant inherited disorder that affects patients of 30 years of
age, but the fibrillation can even be observed in newborns and young patients.

Missense mutations in the KCNH2 gene on chromosome 7q36.1 and mutations in
the KCNQ1 gene on chromosome 11p15.5-p15. and the KCNJ2 gene on chromosome
17q24.3 have shown that this is a genetically heterogeneous disease There also differ-
ent variants in mutations of the genes CACNA2D1, KCNH2, KCNJ2, KCNQ1 and
SLC4A3 which have been described in SQTS, but most of them are VUS [130–132].

9.3 Brugada síndrome

The Brugada syndrome is associated with sudden death in young people as the
patients have malignant ventricular tachyarrhythmias and sudden cardiac death.
The heart is not affected by either a structural heart or systemic disease. The cardiac
differential diagnosis must be made with Duchenne muscular dystrophy,
Freidreich’s ataxia and ARVC. The age of appearance ranges from a two- day- old
patient to 85 years. It was believed to be inherited in an autosomal dominant pattern
with incomplete penetrance. Up to eighty different mutations were identified in
the SCN5A gene. A family with a pathogenic variant in KCNE5 which is inherited in
an X-linked recessive pattern. The genetic variants in SCN5A-SCN10A and HEY2
have also been described [120, 125–127, 133–141].

9.4 Catecholaminergic polymorphic ventricular tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited
tachyarrhythmia that is caused by acute adrenergic activation during exercise or
acute emotion in young adolescents. The age of onset varies from 7 to 9 years to the
fourth decade of life. It presents locus heterogeneity and in only approximately 50%
of the cases the mutations in the genes causing the disease have been identified.

The prevalence of CPVT in the population is not known, but it could be esti-
mated in approximately 1:10,000. In CPVT, CALM1 and RYR2 are inherited in an
autosomal dominant manner while CASQ2 and TRDN are inherited in an autosomal
recessive manner [142–146].

10. Cardiomyopathy in muscular dystrophies

Muscular dystrophies are a heterogeneous group of inherited disorders, charac-
terized by progressive weakness and wasting of the skeletal muscles. They are
generally associated with cardiomyopathy. In many cases, there is no correlation
between the skeletal myopathy and the involvement of the heart. The mutations of
the genes that cause muscular dystrophies affect the skeletal and/or cardiac mus-
cles. These include proteins which are associated with the dystrophin–glycoprotein
complex, the nuclear lamina or the sarcomere [12, 147, 148].

Cardiomyopathy occurs in myofibrillar myopathy, myotonic dystrophies, myo-
tonic myopathies, dystrophinopathies, Emery-Dreifuss muscular dystrophy, and
limb girdle muscular dystrophies [147–149]. They are inherited in autosomal dom-
inant, autosomal recessive and X-linked mode. (See Table 4). In this respect
Duchenne muscular dystrophy and its allelic form Becker muscular dystrophy is of
significant importance. These two conditions are the most common disorders in
muscular dystrophies and cardiomyopathy can be a cardinal finding during the
follow-up, thus requiring yearly evaluations.

The different forms of muscular dystrophies vary in the age of onset with no
male or female prevalence and have different clinical features and severity.
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Mutations in the genes that are involved in muscular dystrophies can cause hyper-
trophic, dilated or restrictive cardiomyopathy depending on the mutations of the
genes involved, but most cardiomyopathies in patients with a muscular dystrophy
are of the dilated type. The progression of the disorders and life expectancy vary
widely, even among different members of the same family. Patients die of sudden
death due to conduction defects, and heart failure.

In dystrophinopathies, sarcoglycanopathies, and the disorders that are linked to
mutations in the fukutin-related protein, the feature that stands out is the cardio-
myopathy the patients suffer. In muscular dystrophies, the patients usually have a
dilated cardiomyopathy. Hypertrophic cardiomyopathy can be observed in Danon
disease, α-B crystallinopathy, and on patients or carriers of DMD and BMD. It has
been proved that in spite of the fact that mutations in codon 92 (R92L and R92W)
of the cardiac troponin T gene are in the same found in the same codon the severity
and phenotypes are completely different due to fact that the mutated protein has a
completely different function [4, 12, 48, 147, 148, 150–169] (Table 8).

11. Mitochondrial disorders

Mitochondrial disorders are a heterogeneous group of disorders that have com-
mon clinical features and are caused by the different mutations found in either the
nuclear or mitochondrial DNA (mtDNA) genes which regulate the mitochondrial
respiratory chain, the essential final common pathway of aerobic metabolism, tis-
sues and organs. mtDNA is maternally inherited and the disorders can appear at any
age. All the mitochondria have multiple copies of their own mtDNA and the muta-
tion rate is much higher than in nuclear DNA [170–173].

Many mitochondrial disorders involve multiple organ systems such as the brain,
the heart, the liver, and the skeletal muscles which are, therefore, affected due to
the fact they depend on the energy and they are especially susceptible to energy
metabolism impairment [170–173].

Mitochondrial dysfunction and clinical symptoms appear when the
heteroplasmic levels are above 80–90% [170–172].

The different mitochondrial cardiomyopathies are a result of the heart being
commonly affected. Sometimes, the cardiomyopathy is diagnosed during the first
year of life even before the mitochondrial disorder has been diagnosed. HCM,
DCM, LVNC cardiomyopathies have been reported [171, 173, 174].

11.1 Kearns-Sayre syndrome

The Kearns-Sayre syndrome (KSS), a mitochondrial deletion syndrome, is char-
acterized by the triad: onset of the disorder before the age of 20, progressive
external ophthalmoplegia and pigmentary retinopathy. A cerebrospinal fluid pro-
tein concentration greater than 100 mg/d, and a commonly elevated lactate and
pyruvate concentrations in blood and cerebrospinal fluid are found.

The KSS has cardiac involvement with conduction defects such as right bundle
branch block, left anterior hemiblock or complete A-V block. These patients can
develop a cardiomyopathy usually dilated [170, 173, 175–177].

11.2 MELAS

It is a multisystem disorder with onset in childhood with mitochondrial
encephalomyopathy, lactic acidosis, and recurrent stroke-like episodes. The
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variability of symptoms and the severity of the syndrome make it difficult to
confirm the diagnosis.

MELAS is transmitted by maternal inheritance.
The cardiac involvement is considered to be 18–100% [178–180]. The first

symptom the affected children have is the cardiomyopathy. The most common
feature is a hypertrophic cardiomyopathy, although dilation has also been reported
[134, 181, 182].

Mutations in the nuclear genes that also encode mitochondrial proteins can
cause cardiomyopathies. These disorders are sometimes not considered among the
group of mitochondrial primary disorders. Two of the most well-known disorders
are Friedreich’s ataxia and Barth syndrome [12, 171, 173, 183].

Friedreich’s ataxia is an autosomal recessive disorder. Frataxin, the protein
encoded by FXN, is involved in the mitochondrial transport and is needed for the
synthesis of the enzymes of the respiratory chain complexes I – III and aconitase.
HCM is found in this disorder [173].

In Barth syndrome, abnormal mitochondria and DCM are described as well as
neutropenia [173].

12. The impact of genetics in the understanding of cardiomyopathy

Genetics started to play a key role with the advent of molecular genetics there-
fore physicians should not only base themselves on the family history of a patient,
but with molecular genetics they have a tool that they could use and help them to
diagnose and understand the disorders. Every year, new pathogenic mutations in
the different genes are described, but it has not yet been figured out what the
specific function and the pathogenic mechanisms the mutated proteins are.

The fact a molecular analysis can be performed does not mean the different steps
physicians follow to evaluate and diagnose a cardiomyopathy should be left out, if
one takes into account the fact that cardiomyopathies are in many cases inherited
disorders. Therefore, a three generation family history looking for cardiac symp-
toms is essential as well as a thorough examination. Blood tests, ECGs, echocardio-
grams, cardiovascular magnetic resonance imaging, electromyography, and muscle
biopsy should be carried out in order to provide us with the information that can
help us to diagnose a cardiomyopathy. The suspected cardiomyopathy will have to
be confirmed by DNA analysis not only in the patients, but also in asymptomatic
carriers [12, 18, 51, 53, 59].

Multigene panels for molecular testing have been developed which allow physi-
cians to diagnose the different disorders. If these tests are negative, exome
sequencing, looking for point mutations and insertions as well as exome arrays
checking for deletions and duplications should be performed. When performing the
genetic testing the genes that should be tested are those that are considered to be the
most common ones and are held responsible for the disorder. Cascade genetic
testing of first degree relatives at risk seeking for a mutation that has been
previously found in a patient should be performed. In children and adolescents,
screening by means of serial ECGs, echocardiograms and genetic testing should
be done every year or every two years while in adults it should be performed
every three years There should be a lifelong surveillance of family members
[18, 19, 51, 53, 54].

It has been observed that mutations in the same gene and in the same family can
give rise to HCM; DCM, RCM, the three major types of cardiomyopathy, which in
many cases overlap. It can be said that the different mutations of the genes plus
modifier genes are liable to trigger the different pathways that lead to the
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remodeling of the heart. The different mechanisms are 11. still not clear and have to
be cleared up [1, 12, 184, 185].

HCM is an autosomal dominant disorder in which mutations in the MYH7,
TNNT2,TPM1, MYBPC3, ACTC1,TNNI3, MYL2 and MYL3 have been classified
as definitive according to the new classification and most of the patients suffering
from it are heterozygous. Mutations in MYH7 and/or MYBPC3 genes account for
80% of the mutations [1, 12, 40]. In some cases, patients have two different
mutations, usually in MYH7 and/or MYBPC3 genes. These mutations result in
the patients being compound heterozygous. The double heterozygotes that have
also been observed have mutations in the MyBP-C/β –MHC, MyBP-C/TNNT2,
MyBP-C/TNNT3, MyBP-C/TPM, β-MHC/TNNT2 genes. Sometimes, the patients
can be homozygous for a mutation in the genes MyBP-C, β -MHC, and TNNT2
[1, 12, 17, 51, 186–188]. The genotype–phenotype correlations have been linked to
specific mutations [1]. The different mutations in the MYH7gene show great
variability in symptomatology. Patients with the R403Q, R719W and R719Q
mutations have complete penetrance, severe hypertrophy and short life expec-
tancy, whereas those with the V606M mutation have a mild progression [1, 12,
39, 189–191]. All the patients that have mutations in the TNNT2 gene seem to
have a more severe course. In most cases, the affected patients carrying the
mutations R92W, R92Q, TNNT2-I79N are young, and even though they have a
mild LVH, they died of sudden death. The F110I mutation does not seem to
have so severe a development as the rest of the mutations in this gene Arian, 1998;
[1, 12, 192–194].

It was believed that patients having double mutations in HCM have a greater
severity of the disorder due to a double dose effect [186], but in a study carried out
later on the data has demonstrated that this is apparently not so with the exception
of double mutations in MYBPC3 [195, 196].

Incomplete or reduced penetrance has been observed in many cases (20 to 30%)
as there are parents that are carriers of the mutations, but they do not develop
the disease. It is unknown whether carriers will develop the disorder at a certain age
or will remain asymptomatic throughout their lives. Symptoms show a great vari-
ability among the patients that have the same mutation and suffer the disorder.
These may be due to gene interaction, environmental factors and modifier genes.
After 15-year follow-up it is likely carriers will develop the disorder though it is
not certain [1, 19, 197–199]. False positive reports have led to the misdiagnosis of
HCM [200, 201]. It is the most common cause of sudden death in young people
[12, 27–30, 44, 202].

In many cases RCM can be observed overlapping with either HCM or DCM. An
autosomal dominant cardiomyopathy has been described where the single sarco-
mere TNNT2 gene mutation can cause idiopathic RCM in some patients, or HCM or
DCM in others. All affected members of a RCM-associated family have the I79N
mutation in the TNNT2 gene, thus showing the variability of the disorders
[12, 203, 204].

It is very difficult to assess the genotype-phenotype correlation in NCCM. It
seems that when there are mutations in the alpha-dystrobrevin gene (DTNA) on
chromosome 18q12.1 taffazin gene on chromosome Xq28 (Barth syndrome), lamin
A/C gene, ZASP and SCN5A gene can develop the disorder [12, 205].

As soon as the patients are diagnosed with the myopathies mentioned above they
should be cardiac check-up should be performed and treated immediately as the
cardiac therapy improves the cardiac involvement and life expectancy.

In the ion channels disorders the molecular diagnosis of Timothy syndrome
where the gene CACNA1C gene is mutated it should be performed in several
tissues, including sperm.
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It has been observed that mutations in the lamin A/C gene cause CMD1A,
LGMD1B or EDMD2 in the same family [12, 206, 207].

The mitochondrial deletion syndromes are generally not inherited. The de novo
deletions that take place in the mother’s oocytes during germline development or in
the embryo during embryogenesis are to be held responsible for these syndromes.
90% of the patients with KSS have deletions of mtDNA. The deletions are present in
all tissues in individuals with KSS. There is no correlation between the size or the
location of the mtDNA deletion and the phenotype and penetrance because there
are related to the mutation load. An overlap between KKS and MERRF has been
observed due to point mutation in the tRNA [tRNALeu(UUR)] [208].

It has been suggested that the mutations in the nuclear gene RRM2B gene cause
KSS following a Mendelian mode of inheritance. The patient had multiple mtDNA
deletions and a normal left ventricular function with an increased thickness of the
interventricular septum and left posterior ventricular wall [209].

Approximately 80% of cases of MELAS are due to mutations in the mtDNA gene
MT-TL1 which encodes tRNA leucine. The mutations in MT-ND5 gene which
encodes the NADH–ubiquinone oxidoreductase subunit 5 have also been found in
individuals with MELAS or with overlap syndromes [181, 210].

In spite of the fact that there has been considerable improvement in the molec-
ular diagnosis of the different mutations that lead to cardiomyopathies, we still have
to learn more about the pathophysiology of these disorders. Genetic testing for
these inherited disorders has provided us with an insight into the prevalence of the
underlying mutations of the different cardiomyopathies. Even though many genes
which cause cardiomyopathies have been identified and have led to a better under-
standing of the pathogenesis of cardiomyopathies, mutation analyses affecting the
patients have proven not to be the panacea for the different family members [211].
Different variants within a specific gene can be associated with many different
phenotypes, even within the same family, preventing physicians from having a
clear genotype–phenotype correlation. It seems it is a long way ahead to unravel
completely the pathophysiology of the different cardiomyopathies [212, 213].

13. What should the genetic counseling be in cardiomyopathy?

Genetic counseling to patients with cardiomyopathy is very complex due to the
fact that there is locus heterogeneity and clinical variability. The geneticist has to be
clear and explain that there are all sorts of disorders that cause it.

It is very important that when a numerical value is provided the patient and/or
his family clearly understand that the value given it is the probability of having a
another a child affected with the disorder. It is imperative they understand that
chance has no memory. The numerical value given to them will be the same for
every new offspring of an affected parent. It would be embarrassing to face a family
that comes with a second affected child because they have misinterpreted the
information given to them.

The different opinions regarding what steps should be taken when the consul-
tants are less than 18 years of age and have a genetic disorder. Should we tell them
when they are asymptomatic and are at risk of having the disorder when they are
adults? If a mutation is found, the children will no longer lead a normal life and it
will also have a negative effect on family life. In ACM, it is advised that the genetic
test be run when the consultant is over 10 years of age. The decision will have to be
made on the fact on whether the treatment could help to lead a better life.

In HCM, the first step the geneticist should take is to order the molecular
analyses of MYH7 and MYBPC3, the two genes that carry most of the mutations.
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Should the mutations not be in these two genes, the genetic analysis has to be
focused on those genes that are considered definite.

Sometimes, if no mutations are found in any of the genes tested, the disorder
cannot be ruled out because it is likely that a new gene not yet discovered can be the
cause of the disorder.

In DCM, the mode of inheritance has to be defined in order to provide a correct
counseling as there is locus and allelic heterogeneity.

In the autosomal dominant cardiomyopathies most individuals diagnosed have
an affected parent. However, the index case may have the disorder as the result of a
de novo mutation [214].

In HCM, it is not known the number of cases that are caused by these de novo
gene mutations. While in Brugada syndrome and in RWS de novomutations are low,
and in CPVT is almost 40%.

Timothy syndrome is due to either de novo mutations or parental germline
mosaicism. The affected patients do not have offspring because they do not reach
adult life. The siblings are at risk of inheriting the disorder. When there is a de novo
mutation, alternate paternity and maternity as well as whether the patient is
adopted have to be ruled out.

The offspring of a patient suffering autosomal dominant familial cardiomyopa-
thy has a 50% chance of inheriting the mutation. Families in which penetrance
appears to be incomplete or reduced have been observed; therefore, the parent with
a mutation that causes the disorder is not affected whereas the son or daughter is.
The severity and age of onset cannot be predicted [215–217].

The siblings of the index case depend on the genetic condition of their parents. If
a parent is affected or has the mutation that causes the disorder, the risk to inherit
the mutated allele is 50%.

In the cases reported where more than one mutation in one the genes encoding a
sarcomere protein has been identified in a patient with HCM, it is very difficult to
assess the mode of inheritance and makes it arduous for the geneticist to give an
accurate risk assessment to another family member.

It is essential to provide patients and relatives that are at risk, the potential risk
their offspring might have in these disorders and the reproductive options they have.

In the autosomal recessive traits, the parents are obligate carriers. The offspring
of a patient suffering an autosomal recessive familial cardiomyopathy will be obli-
gate carriers. The siblings have a 25% chance of inheriting the mutation.

The deletions in mtDNA are usually due to de novo mutations, so there is only
one family member affected. The offspring of a male patient are not at risk whereas
all females´ offspring are at risk of inheriting the mutation. There is not risk that
any other family member will inherit the disease.

When there are multiple mtDNA deletions the analysis of RRM2B should be
performed because it conditions the genetic counseling.

A prenatal diagnosis can be performed in those patients there are at risk of
having any cardiomyopathy, if the mutation carried by the parents or the proband
has been previously identified.

Preimplantation genetic diagnosis (PGD) may be available for families in which
the mutation that causes the disorder has already been identified.

14. Conclusion

Genetic testing has undoubtedly broadened our knowledge of the mechanisms
of cardiomyopathy and has to a certain extent helped physicians to understand to a
certain extent the genotype–phenotype correlation. By having a deeper
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understanding of this genotype–phenotype correlation, it will be easier to get a
clinical management of the patients. It has also aided to diagnose symptomatic and
asymptomatic patients, be able to treat them when it is possible and to perform
genetic counseling of the affected patients, their offspring and first degree relatives.

When a genetic test is performed and a patient is diagnosed with a disorder
genetic counseling is essential for the patient and relatives at risk since this will
allow an early identification of relatives who are at risk.

Not all the mutations that have been described over the last twenty have proven
to be pathogenic. The new classification allows us to understand what mutations are
really pathogenic. A deeper understanding of the genotype–phenotype correlation
is necessary, because this could imply what steps should be taken in order to deal
with the correct management of the patients.
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Chapter 7

The Z-Disk Final Common 
Pathway in Cardiomyopathies
Enkhsaikhan Purevjav and Jeffrey A. Towbin

Abstract

The sarcomeres represent the essential contractile units of the cardiac myocyte 
and are bordered by two Z-lines (disks) that are made by various proteins. The 
cardiac Z-disk is recognized as one of the nodal points in cardiomyocyte structural 
organization, mechano-sensation and signal transduction. Rapid progress in molec-
ular and cellular biology has significantly improved the knowledge about patho-
genic mechanisms and signaling pathways involved in the development of inherited 
cardiomyopathies. Genetic insult resulting in expression of mutated proteins that 
maintain the structure of the heart can perturb cardiac function. The primary 
mutation in the cardiac contractile apparatus or other subcellular complexes can 
lead to cardiac pathology on a tissue level, resulting in organ and organism level 
pathophysiology. The “final common pathway” hypothesis interpreting the genetic 
basis and molecular mechanisms involved in the development of cardiomyopathies 
suggests that mutations in cardiac genes encoding proteins with similar structure, 
function, or location and operating in the same pathway, are responsible for a 
particular phenotype of cardiomyopathy with unique morpho-histological remod-
eling of the heart. This chapter will describe genetic abnormalities of cardiac Z-disk 
and related “final common pathways” that are triggered by a Z-disk genetic insult 
leading to heart muscle diseases. In addition, animal models carrying mutations in 
Z-disk proteins will be described.

Keywords: cardiomyopathy, final common pathway, Z-disk, sarcomere, mutation, 
animal models

1. Introduction

In comparison to skeletal muscle fibers that are organized in parallel arrange-
ments, cardiac muscle fibers create an interlaced three-dimensional network com-
prised of bifurcating and recombining myocytes connected with adjacent myocytes 
at each end in particular series [1]. These specialized areas, the intercalated discs, 
are interdigitating cell membranes that play essential roles in transmitting signals 
between myocytes. Cardiac intercalated discs contain mechanical junctions that 
consists of adherens junctions, desmosomes, and gap junctions [2]. Adherens junc-
tions contain N-cadherin, catenins and vinculin, desmosomes comprise desmin, 
desmoplakin, plakophilin, junctional plakoglobin, desmocollin, desmoglein and 
gap junctions mainly include connexins. A thin cell membrane or sarcolemma sur-
rounds the lateral sides of cardiac myocytes enveloping the interior (sarcoplasm) of 
each myocyte. The sarcoplasm contains the myofibril bundles arranged in a longi-
tudinal manner and appears as parallel lines with visible striations similar to that 
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of skeletal muscle formed by repeating sarcomeres. Sarcomeres, the fundamental 
structural and functional elements of striated muscle composed of thick and 
thin filaments, are bound by two Z lines (Figure 1) [3, 4]. The thick filaments are 
comprised primarily of myosin but additionally contain myosin binding proteins 
C, H and X. Cardiac actin, α-tropomyosin (α-TM), and troponins T, I, and C (cTnT, 
cTnI, cTnC) compose the thin filaments that interdigitate with the thick filaments. 
On electron micrograph, each sarcomere flanked by two Z-lines has an A band cor-
responding to the overlap of thick filaments and thin filaments, I bands comprised 
of thin filaments only, and M band is comprised of thick filaments only [3–7]. The 
sarcomeric cytoskeleton, assembled by titin, myomesins and nebulin, provides a 
scaffolding for the thick and thin filaments. The extra-sarcomeric cytoskeleton is a 
complex network of intermyofibrillar and subsarcolemmal proteins which connects 
the sarcomere with the sarcolemmal membrane and extracellular matrix (ECM). 
The extra-sarcomeric cytoskeleton provides universal structural support for subcel-
lular components and transmits mechanical and biochemical signals within and 
between cells. The intermyofibrillar components of the extra-sarcomeric cytoskele-
ton are made up of intermediate filaments, microfilaments and microtubules [5–11]. 
Desmin intermediate filaments form a three-dimensional scaffold throughout the 
sarcoplasm, linking longitudinally extra-sarcomeric cytoskeleton and adjacent 
Z-disks as well as forming lateral connections between extra-sarcomeric cytoskele-
ton, surrounding Z-disks and sub-sarcolemmal costameres [10, 11]. Microfilaments 
composed of non-sarcomeric actin (mainly γ-actin) also form an additional mesh 
network linking α-actinin (expressed at the sarcomeric Z-disks) to the adjacent 
costameres. Costameres are subsarcolemmal components arranged in a periodic 
and grid-like pattern and are found at the sarcoplasmic side of the sarcolemma of 

Figure 1. 
Schema of cardiac myocyte cytoarchitecture. The key proteins of extracellular matrix (ECM), sarcolemma 
(cellular membrane), sarcoplasm containing sarcomeres (contractile units), mitochondria, endoplasmic 
reticulum and nuclei are depicted. Sarcolemmal proteins include ion channels such as SCN5A, L-type calcium 
channels and others, as well as the dystrophin-associated binding proteins that interact with dystrophin and 
other cytoplasmic cytoskeletal proteins (dystroglycans, sarcoglycans, syntrophins, dystrobrevin, sarcospan, 
caveolin), and cadherins that bind with desmosomal proteins (desmocollin, desmoglein, plakophilin, 
desmoplakin, plakoglobin). The integral membrane proteins interact with the ECM via α-dystroglycan-
laminin α2 connections. The sarcomere includes thick and thin filament contractile proteins and Z-disk proteins 
(alpha-actinin, muscle LIM protein (MLP), nebulette, myopalladin, ZASP). The nucleus includes lamin A/C 
and emerin. Dystrophin binds actin and connects dystrophin with the sarcomere, sarcolemma and ECM. The 
intermediate filament protein, desmin, is another important and prominent linker protein.
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cardiac myocytes adjoining the Z-lines and overlying the surrounding I-bands. 
Costameres contain three major components: the focal adhesion-type complex, the 
spectrin-based complex, and the dystrophin and dystrophin-associated protein 
complex (DAPC) [12, 13]. The focal adhesion-type complexes contain cytoplasmic 
proteins (i.e., vinculin, talin, tensin, paxillin, zyxin) that interact with cytoskeletal 
actin filaments connecting with the transmembrane proteins α-, and β- dystrogly-
can, α-, β-, γ-, δ--sarcoglycans, dystrobrevin, and syntrophin [8, 9]. Several actin-
associated proteins are located at sites of attachment of cytoskeletal actin filaments 
with costameric complexes, including α-actinin and the muscle LIM protein (MLP) 
encoded by the cystein-serine rich protein 3 or CSRP3 gene. Dystrophin C-terminus 
binds β-dystroglycan which interacts with α-dystroglycan to link to the ECM, while 
the N-terminus of dystrophin interacts with actin. Also notable, voltage-gated 
sodium channels co-localize with dystrophin, β-spectrin, ankyrin, and syntrophins 
while potassium channels interact with the sarcomeric Z-disks and intercalated 
disks [14–16]. Taken together, the sarcomeric Z-disk is an important structural 
component of cardiomyocytes.

2. Z-disk structure and function

In electron micrographs of cardiac muscle, the Z-lines are seen as a series of 
dark lines. The Z-disks (at the Z lines), lateral borders of the sarcomere, are formed 
by a lattice of interdigitating proteins that maintain myofilament organization by 
cross-linking antiparallel titin and thin actin filaments from adjoining sarcomeres. 
The backbone of the Z-disk contains layers of α-actinin aligned in an antiparallel 
pattern where α-actinin cross-links the interdigitating barbed ends of the actin thin 
filaments and connects the thin filaments to the sarcomere. Therefore, from each 
Z-disk, thin filaments extend to two neighboring sarcomeres. The Z-disk stretches 
when myosin heads pull actin filaments during systolic contraction and condenses 
when titin, a huge spring protein, develops elastic spring forces during diastolic sar-
comere relaxation [17–19]. Numerous proteins (α-actinin, MLP, filamins, nebulette, 
telethonin, myotilin, myopalladin, nexilin, ZASP (ZO-2 associated speckle protein) 
and others listed in Table 1) are expressed in Z-disks that permit bidirectional force 
transmission with conformational changes [20].

In addition to structural and force transmission functions, the Z-disk is an 
important nodal point for cardiac mechano-sensation during mechanical stretch 
[21]. Cardiac myocytes respond to mechanical stretch via mechano-sensation, 
an ultimate conversion of a mechanical stimulus into a biochemical signal, and 
transmission of signals (namely mechano-transduction) which results in imme-
diate increase in contractility, as well as long-term changes in gene expression, 
resulting in myocyte hypertrophy [22]. The immediate contractility changes are 
mediated through altered Ca2+ transients, while the gene expression changes seem 
to be mediated through induction of “immediate early genes” encoding transcrip-
tion factors, such as c-fos, c-jun, Egr-1, and c-myc. The final response to stretch is 
established by an orchestrated response between multiple independent and cross-
talking signaling pathways including MAPK, PI3K/Akt, FAK, RAS, JAK/STAT, 
and calcium signaling [23]. These signaling pathways control the hypertrophic 
response, the survival response and apoptotic response of the myocyte to mechan-
ical stretch; the balance between these responses determines the final phenotype 
of the cardiomyocyte. There are multiple mechanosensitive signaling units: 
(a) Stretch activated ion channels [24]; (b) Integrin-based units which interact 
bundles with proteins from the extracellular matrix and the cytoskeleton [25];  
(c) Titin-based units (titin-N2A, titin-telethonin, titin-calsarcin, titin-PEVK) [26]; 
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and (d) Cytoskeletal-nuclear connections (desmin, CARP, MLP, MYPN, zyxin, 
myopodin) [27]. The Z-disk linking all these mechanosensors, and the signaling 
pathways through α-actinin, desmin, MLP, filamin C, nebulette, myopalladin 
and CARP is involved in both, mechano-sensation and mechano-transduction 
[28]. This multifunctional role of the Z-disk places it in an ideal position to sense, 
integrate, and transduce biomechanical stretch and stress signals. Specifically, 
multiple upstream signals from the sarcomere as well as transmitted from the 
membrane converge on the Z-disk. Likewise, several components of downstream 
signaling, including bona fide signaling molecules such as kinases and phospha-
tases (including the phosphatase calcineurin and protein kinases like PKC) and 
their positive and negative modulators, are localized at or in immediate proximity 
of the Z-disk. Moreover, several Z-disk molecules (CARP, MLP, MYPN, zyxin) 
share the ability to shuttle to the nucleus, where they can act as transcriptional 
 co-modulators [22].

Gene Locus Protein Cardiomyopathy 
phenotype

ACTN2 1q43 α-Actinin 2 DCM, HCM, LVNC

CSRP3 11p15.1 Muscle LIM protein DCM, HCM, LVNC

TCAP 17q12 Telethonin HCM

NEBL 10p12.31 Nebulette DCM

BAG3 10q26.11 BCL2-associated athanogene 3 DCM

FHL2 2q12.2 Four and a half LIM domain 2

MYOT 5q31.2 Myotilin

MYPN 10q21.3 Myopalladin DCM, HCM, RCM

FLNC 7q32.1 Filamin C HCM, RCM

ANKRD1 10q23.31 Cardiac ankyrin repeat, domain 1 DCM

NEXN 1p31.1 Nexilin DCM, HCM

SYNPO2 4q26 Myopodin

ZYX 7q34 Zyxin

LMCD1 3p25.3 LIM and Cysteine-rich domains 1, Dyxin

LDB3 10q23.2 LIM domain-binding 3, Cypher, ZASP DCM, HCM, LVNC

ITGB1BP2 Xq13.1 Integrin, beta-1, binding protein of, melusin

TTN 2q31.2 Titin DCM, HCM

MYOZ2 4q26 Calsarcin/FATZ/Myozenin HCM

DES 2q35 Desmin DCM

PDLIM3 4q35.1 Actinin-associated LIM protein, ALP

PDLIM7 5q35.3 Enigma

PDLIM5 4q22.3 Enigma homolog, ENH

PDLIM1 10q23.33 CLP36

ILK 11p15.4 Integrin-linked kinase

OBSCN 1q42.13 Obscurin

PPP3CB 10q22.2 Calcineurin

Table 1. 
Cardiac Z-disk genes and associated cardiomyopathy phenotypes.
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3. The Z-disk “common final pathway” in cardiomyopathy

Cardiomyopathies are devastating diseases of the heart muscle with a significant 
percentage of inheritable cases, eventually resulting in congestive heart failure, trans-
plant or sudden cardiac death [29]. Despite significant advances in the understanding 
of the major forms of cardiomyopathies and discovering the genetic causes of differ-
ent forms of these disorders, in large part because of progresses in genetics, genomics 
and advanced cardiac imaging, over last 3 decades, no effective treatment has been 
established [30] with an increasing incidence and prevalence [31–33] and high cost 
[34, 35]. Types of CM are categorized by changes in cardiac chamber size, thickness 
ventricular walls and stiffness of the myocardium, and cardiac function [36, 37]. 
Dilated cardiomyopathy (DCM) is characterized by left ventricular (LV) chamber 
dilation and dysfunction in systolic performance; hypertrophic cardiomyopathy 
(HCM) is distinguished by ventricular myocardial hypertrophy and diastolic dysfunc-
tion. Restrictive cardiomyopathy (RCM) is distinguished by increased myocardial 
stiffness without significant ventricular myocardial hypertrophy and dilated atria 
as result of diastolic dysfunction [38]. Arrhythmogenic cardiomyopathy (ACM) is 
a subset of cardiomyopathies with a broad range of clinical presentations including 
early-onset arrhythmias including atrial fibrillation, conduction disturbances, and/or 
right ventricular (RV) and/or LV tachyarrhythmias with or without cardiac dysfunc-
tion [39, 40]. Left ventricular noncompaction cardiomyopathy (LVNC) is a hetero-
geneous group of disorders of ventricular myocardium characterized by presence of 
protuberant trabeculae and intra-trabecular recesses that are most noticeable in the 
LV apex, and compacted and noncompacted layers of the LV myocardium [37, 41, 42].

The “final common pathway” hypothesis first was described in the late 1990s 
aiming to elucidate the mechanisms of inherited cardiomyopathies and suggested that 
genes encoding proteins with similar functions and/or location or involved in the same 
pathway are responsible for a consistent cardiomyopathy phenotype with distinctive 
morpho/histological cardiac remodeling [43]. Further, disruption of a particular 
protein and related pathways may intersect with other intracellular and intercellular 
pathways, leading to an isolated or in an overlapping cardiomyopathy phenotype 
(Figure 2). The most common inheritance pattern in familial cardiomyopathies is 
autosomal dominant, whereas autosomal recessive, X-chromosome linked and mito-
chondrial inheritance is also reported, including in infantile cases [13, 20, 21].  

Figure 2. 
“Final common pathway” hypothesis for arrhythmia disorders, dilated cardiomyopathy (DCM), hypertrophic 
cardiomyopathy (HCM) or restrictive cardiomyopathy, left ventricular noncompaction (LVNC), or 
arrhythmogenic ventricular cardiomyopathy (AVC or ACM).
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Based on knowledge gained from genes encoding the proteins responsible for the 
functional myocardium, we can reasonably understand the physiology of the disease.

The sarcomere is the key unit for cardiac function. The Z-disk common pathway 
identified structure, function and pathway(s) involvement similarities of proteins 
encoded by genes affected by genetic insult and affects sarcomere function. The 
Z-disk genetic abnormalities appear to disturb the normal expression, structure, 
localization and function of their encoding proteins as well as the Z-disk structures 
in which it is integrated [3–7]. For instance, Z-disk mutations result in abnormal 
force generation and contractility resulting in HCM or RCM (via sarcomere dis-
turbance), results in reduced force transmission causing DCM (via sarcolemmal-
sarcomeric connections), in cardiac rhythm disorders (via connections with ion 
channels), and cell–cell contact disorders or ACMs (via desmosomal/intercalated 
disk connections). Therefore, the critical links between Z-disks are responsible for 
heterogeneous cardiomyopathy phenotypes originated from Z-disk abnormalities 
when the Z-disk link is disturbed. For instance, the Z-disk link most commonly 
disrupts sarcomeres (eg, the sarcomere in HCM when the mutated gene encodes 
a sarcomeric protein), but, in some instances, may disrupt its binding partner 
protein(s), which cause downstream disturbance of the “final common pathway” 
(eg, a Z-disk protein mutation may cause ACM as result of disrupted the cell–cell 
junction via an abnormal binding to desmin, which in turn interacts with desmo-
plakin at the desmosomes of the intercalated disks) (Figure 1).

While our classic “final common pathway” hypothesis led to a somewhat 
predictable gross clinical phenotype, it has become clear over the last decade that 
genes and proteins do not work in isolation. Gene expression is constructed on a 
complex combinations genes with other genes and their encoding proteins as well as 
the environment. Therefore, a genetic abnormality in a single causal gene does not 
completely determine a disease course; rather interactions of multiple genes, causal 
and modifiers (and their encoded proteins), may be required to explain diverse 
cardiomyopathy phenotypes [44, 45]. In particular, the modifier genes that alter 
the effect of causal gene(s) can influence the clinical and pathological variation in 
cardiomyopathies [44, 46, 47]. Thus, it is critical to recognize genetic and genomic 
networks rather than individual gene or individual pathway for complex diseases, 
such as cardiomyopathies, using systems genetics approaches [48].

4. Animal models of cardiac Z-disk pathology

Translational and comparative research involving animal modeling provides 
considerable and important benefits in inherited cardiomyopathies, because animal 
models enable not only the exploration and investigation of the pathological con-
sequences on cellular, sub-cellular and molecular levels originating from the initial 
genetic defect, but also may closely simulate the specific cardiomyopathy phenotype 
seen in humans as the result of pathological cardiac remodeling. The complexity of 
disease-causing mechanisms and modulators of genetic cardiomyopathies [49] has 
been investigated by a variety of genetic modeling approaches including transgenic 
(TG), knockout (KO) and knock-in (KI) murine models [50]. In particular, with 
recent advances in CRISPR/Cas9 (clustered regularly interspaced short palindromic 
repeats/CRISPR associated 9) system approaches, researchers are able to achieve more 
effective and precise genome editing for animal modeling. This approach has been 
successfully used over other traditional methods for genetic editing such as transgen-
esis and homologous recombination targeting techniques because of its simplicity, 
design and efficiency in developing novel animal models [51–53]. Animal models 
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Z-disk gene Human 
phenotype

Animal 
model

Animal 
phenotype

Pathogenesis/pathway/
proteins

Titin DCM, HCM zebrafish 
[54, 55]

cardiac edema, 
poor contraction

blockage of sarcomere 
assembly

Myopalladin DCM, HCM, 
RCM

murine TG 
Y20C [56]

HCM and heart 
failure

desmin, DPS, Cx43 and 
vinculin disruption

MYPN RCM murine KI 
Q529X [57]

disrupted 
intercalated 
discs, heart 
failure

desmin, DSP, connexin43 and 
vinculin disruption

CARP HCM, DCM murine TG 
αMHC [58]

HCM in 
response 
to pressure 
overload stress

reduced TGF-β, ERK1/2, 
MEK and Smad3

CARP HCM, DCM murine KO 
[59]

No cardiac 
phenotype

CSRP3 
(MLP)

HCM murine KI 
C58G [60]

HCM protein depletion via Bag3 
and proteasomal overload

MLP DCM murine KO 
[61]

DCM with 
hypertrophy and 
heart failure

altered mechano-sensation

MLP x 
MYBPC3

Varied CMs Double KO 
[62]

DCM increased Ca2+ sensitivity

Nebulette DCM murine TG 
[63]

DCM, 
mitochondrial 
abnormalities

stretch induced alteration of 
Z-disk assembly

Nexilin DCM zebrafish [64] Z-disk damage, 
heart failure

stretch induced Z-disk 
destabilization

NEXN DCM KO [65] DCM, EFE collagen and elastin deposits

Telethonin DCM murine KO 
[66]

heart failure 
following 
biomechanical 
stress

modulation of nuclear p53 
turnover after biomechanical 
stress

Telethonin DCM zebrafish [67] deformed 
muscle structure 
and impaired 
swimming 
ability

disruption of sarcomere-T-
tubules ILK

Cypher/
ZASP

DCM murine KO 
[68]

DCM, Z disk 
disruption, 
muscle weakness

α-actinin or other Z-line 
components disruption

Filamin C DCM, HCM medaka 
zacrofish 
K1680X [69]

DCM, 
myocardial wall 
rupture

Disrupted structure of cardiac 
and skeletal muscles

ERBB2 murine Tg 
[70]

HCM, diastolic 
dysfunction

ErbB2 signaling

Calcineurin CnAβ 
deficient 
mouse [71]

Impaired HCM 
response

NFATc4, ANF signaling to 
pressure overload

Table 2. 
Animal models of Z-disk pathologies.
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of Z-disk pathologies, summarized in Table 2, demonstrate that the prime Z-disk 
genetic defect can lead to perturbed cardiac function with heterogeneous cardiomy-
opathy phenotypes via different binding partners and pathways involved in the “final 
common pathway”. The disturbed pathways include blockage of sarcomere assembly 
(titin), desmin, DPS, Cx43 and vinculin disruption (MYPN), reduced TGF-β signal-
ing, downregulation in ERK1/2, MEK and Smad3 pathways (CARP), protein deple-
tion via Bag3 and proteasomal overload, altered mechano-sensation and increased 
Ca2+ sensitivity (MLP), alteration of Z-disk assembly due to abnormal stretch and 
Z-disk destabilization (nebulette, nexilin), collagen and elastin deposits and biome-
chanical stress induced modulation of nuclear p53 turnover (telethonin), disruption 
of sarcomere-T-tubules connections and disturbance of ILK signaling (ZASP), or 
α-actinin or other Z-line and costamere component disruption (filamin C).

5. Conclusion

Cardiomyopathies are a group of complex multifaceted diseases that can 
originate from genetic insult to the heart muscle. The “final common pathway” 
hypothesis reviewed in this chapter provides the mechanisms in the development of 
cardiomyopathy phenotypes originated from cardiac Z-disk abnormalities. As the 
boundaries of the sarcomere, the Z-disk, is linked mechanically with many cellular 
compartments and the extracellular matrix via its multiple proteins and acts not 
only as a structural unit, but also is involved in contractile and mechanosensing sig-
naling in the heart. Therefore, the nature of disturbed critical links of the Z-disks 
determine the cardiomyopathy phenotypes that develop.
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Abstract

Arrhythmogenic cardiomyopathy is a rare genetic entity characterized by 
progressive fibro-fatty replacement of myocardium leading to malignant arrhyth-
mias, syncope, and sudden cardiac death. Mostly it affects the right ventricle, but 
cases have also been described with biventricular and even isolated left ventricular 
involvement. The disease affects mainly young males and arrhythmias are usually 
induced by exercise. Arrhythmogenic cardiomyopathy has a genetic origin and is 
basically caused by deleterious alterations in genes encoding desmosomal proteins, 
especially plakophilin-2. To date, more than 400 rare genetic alterations have been 
identified in 18 genes, mainly with autosomal dominant inheritance, but some 
recessive forms have also been reported (Naxos disease and Carvajal syndrome). 
A comprehensive genetic analysis identifies a rare variant as potential cause of the 
disease in around 60% of patients, suggesting the existence of unknown genes as 
well as other genome alterations not yet discovered. Genetic interpretation classifies 
some of these rare variants as ambiguous, playing an uncertain role in arrhyth-
mogenic cardiomyopathy. This makes a proper translation of genetic data into 
clinical practice difficult. Moreover, incomplete penetrance and variable pheno-
typic expression makes it difficult to arrive at the correct diagnosis. In the present 
chapter, we focus on recent advances in the knowledge regarding the genetic basis 
of arrhythmogenic cardiomyopathy.

Keywords: sudden cardiac death, Arrhythmogenic cardiomyopathy, arrhythmias, 
genetics, desmosome

1. Introduction

Arrhythmogenic cardiomyopathy (ACM), (Online Mendelian Inheritance in 
Man -OMIM- 107970) is a rare (prevalence 1:2500–5000) inheritable structural 
heart disease first described by Fontaine et al in 1978 [1]. ACM is characterized by 
progressive replacement of myocardium by fibro-fatty infiltrates, predominantly 
of the right ventricle (RV) [2], but biventricular forms have also been reported 
in nearly 50% of cases [3, 4]. Moreover, isolated forms affecting only the left 
ventricle have been reported in 15% of cases [5, 6]. The name of this disease has 
been changed over the last years as the knowledge of it has been increased. First, it 
was called arrhythmogenic right ventricular dysplasia (ARVD), but some studies 
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revealed that patients had normal hearts at birth and the disease was progressive 
and genetically determined [4]. For this reason, from that moment on, it was called 
arrhythmogenic right ventricular cardiomyopathy (ARVC). However, when it was 
obvious that this disease not only affects the RV but that it also can affect the LV or 
even both ventricles, it was necessary to modify its name to ACM. The heart tissue 
affected in ACM patients shows localized/diffuse atrophy with progressive fibro-
fatty infiltration. These structural alterations are assessed by echocardiography, 
cardiac magnetic resonance, angiography, and biopsy of the myocardial wall, if 
necessary. Structural alterations in the myocardium are responsible for electri-
cal abnormalities, with or without impaired mechanical function, subsequent 
ventricular arrhythmias, syncope and even sudden cardiac death (SCD) [7, 8]. 
Unfortunately, SCD is often the first symptom of the disease, usually during exer-
cise in young males (less than 35-year-old). Despite both genders being affected, 
males are the main affected population (the ratio of men to women is 3:1) [9].

ACM is a cardiac disease with a clearly genetic implication, and pathogenic 
alterations in genes encoding desmosomal proteins are the main cause of the 
disease. In recent years, continuous advances in the genetic and molecular basis of 
ACM are occurring despite some pathophysiological mechanisms involved in ACM 
being not yet completely understood [10]. For example, it has been shown that 
myocardial inflammation is a common trait in ACM patients, but it is not clear if 
it is a primary phenomenon or reactive to ACM pathology [4, 11, 12]. The fibrosis 
mechanism is another characteristic hallmark poorly understood so far. It has been 
described a complex network of interactions between cytokines, growth factors, 
and hormones that promote cardiac fibrosis [12, 13]. One thing that seems certain 
is that canonical and non-canonical TGFβ signaling pathway are both involved in 
the induction of myocardial fibrosis in ACM [12]. The origin of adipocytes in the 
myocardium of ACM patients is not yet resolved today. Thus, it is not clear if the 
signals for adipogenesis are autonomous to desmosome-expressing cells (intracellu-
lar signal) or non-autonomous from desmosome-expressing cells to adipogenic cell 
(paracrine signal) [12]. However, several signaling pathways have been described 
that are involved in the adipogenic phenotype of ACM such as WNT, Hippo–Yes-
associated protein (YAP), peroxisome proliferator-activated receptor-γ (PPARγ) 
and microRNA (miRNA) signaling [12].

Currently, clinical diagnosis is based on the presence of a series of diagnostic 
items (major and minor) called Task Force criteria. It was firstly proposed in 1994 
[14], but it was revised in 2010 to improve diagnostic sensitivity maintaining its 
specificity and included genetics as a diagnostic item [15]. Nowadays it takes into 
account structural assessment (echocardiography, magnetic resonance, RV angiog-
raphy), histological (endomyocardial biopsy), electrocardiographic (12-lead ECG 
and Signal-Averaged ECG, Holter monitoring, exercise testing, electrophysiologi-
cal study), and familial factors (genetic study according to the Rhythm Society/
European Heart Rhythm Association Consensus Statement) [16]. Recently, it 
has been proposed “The Padua Criteria”, a new diagnostic criteria based on 2010 
TFC multi-parametric approach to include biventricular and arrhythmogenic left 
ventricular cardiomyopathy (ALVC) involvement [4, 17]. However, it has to be 
validated by future clinical studies in large cohorts of ACM patients. The diagnosis 
of ACM is confirmed if 2 major, 1 major and 2 minor, or 4 minor criteria from dif-
ferent categories are present. A borderline diagnosis is considered with 1 major and 
1 minor or 3 minor criterions from different categories and a possible diagnosis with 
only 1 major or 2 minor criterions. The disease can be classified into four phases:

• The early “silent phase” that can manifest as SCD because arrhythmias occur 
without structural abnormalities;
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• The “overt electrical disorder” in which RV arrhythmias are associated with 
structural abnormalities;

• The “phase of right ventricular failure” with extension of the fibro-fatty 
 substitution that leads to RV dysfunction; and,

• The phase of “biventricular failure” which is often indistinguishable from 
dilated cardiomyopathy (DCM).

The diagnostic tools are evolving together with the knowledge of the disease 
because detecting ACM at an early stage is crucial for the patient. All the treat-
ment approaches are focused on preventing life-threatening arrhythmias, delay 
the course of the heart failure, and relieve symptoms [12]. The different options 
include pharmacological treatment, the placement of an implantable cardioverter- 
defibrillator (ICD), radiofrequency ablation, and even heart transplantation in 
severe cases at high risk of death. To date, ICD is the only proven lifesaving therapy; 
other treatment options may reduce the arrhythmic burden and alleviate symptoms, 
without evident impact on prevention of SCD [18]. There are some studies that 
have demonstrated the efficacy of ICD therapy in the prevention of SCD in patients 
affected by ACM [19–22]. However, it is associated with a significant morbidity due 
to device-related complications and inappropriate ICD interventions [1]. Decisions 
about the placement of an ICD are based on an estimated patient risk of SCD that is 
determined by several parameters including electrical instability, proband status, 
extent of structural disease, cardiac syncope, male gender, exercise practice, and 
deleterious genetic alterations. Unfortunately, there are no conclusive data con-
cerning risk stratification or the best approach in patients with ACM, so treatment 
should be personalized [23].

2. Genetic basis

ACM can be caused by deleterious alterations located in genes encoding mainly 
desmosomal proteins but also proteins implicated in electric signal transmission. 
A comprehensive genetic analysis of all genes reported so far identify at least one 
rare variant as a potential cause of ACM in around 60% of the patients [24]. Genetic 
testing allows cascade screening of relatives identifying other genetic carriers in 
the family, which may be at risk of developing the disease and suffer SCD [25]. 
Predominantly, ACM follows an autosomal dominant pattern of inheritance, with 
incomplete and age-related penetrance [26] as well as polymorphic phenotypic 
expression [9, 27]. Autosomal recessive forms have also been reported although in a 
reduced number of cases (Naxos disease and Carvajal syndrome) [28–30]. In recent 
years, compound and/or digenic variants have been identified associated with ACM 
[31, 32]. In addition, alterations in number of copies (Copy Number Variation, 
CNV) were also associated with ACM [33]. Despite these recent advances, around 
35–50% of ACM patients remain without an identified disease-associated variant 
[12]. For this reason, the interpretation of rare variants found in ACM patients has 
to be extremely careful. The “American College of Medical Genetics and Genomics 
(ACMG) standards and guidelines” structured a standard terminology for clas-
sifying sequence variants using available evidence weighted according to a system 
developed through expert opinion, work-group consensus, and community input 
[34]. This classification of the variants is composed of 5 terms: “pathogenic”, “likely 
pathogenic”, “uncertain significance”, “likely benign”, and “benign” and the clas-
sification depends on several different criteria: the variant frequency in population 
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database, computational (in silico) predictive programs, biological factors (levels 
of expression in the tissue, function of the gene,…), localization of the variant in 
conserved regions or hotspots, type of mutation, functional studies and segrega-
tion analyses. It is important to remark that a large part of the rare genetic variants 
identified as potentially disease-causing remains of inconclusive significance after 
a comprehensive genetic interpretation. It is crucial to clarify their clinical role 
whether definitive risk stratification can be based on genetics. Even if a conclusive 
pathogenic variation associated with ACM is identified, it does not indicate that 
the patient is going to be affected because of the variable expressivity and incom-
plete penetrance [4]. This represents an additional challenge to perform a genetic 
interpretation of rare variants. Moreover, it is known that genes associated with 
ACM have nearly 50% of genetic variation rate [35]. Therefore, clinical translation 
should be done carefully after a comprehensive personalized interpretation of all 
data obtained. A group of experts should discuss all data concerning each family, 
performing an exhaustive interpretation and translation into clinical practice help-
ing to adopt personalized measures to reduce risk of lethal events.

In the human myocardium, three different structures are involved in cell-to-cell 
adhesion: desmosomes, adherens junctions (fascia adherens), and gap junctions. 
The majority of ACM patients present alterations in genes encoding desmosomal 
proteins. Currently, more than 1000 rare genetic variants have been identified in 18 
genes, but only around 400 rare genetic alterations have been classified as definitely 
pathogenic [36]. All other rare variants remain with an ambiguous role and fur-
ther data is needed to conclude if they play a decisive role in ACM. Table 1 shows 
information related to the genetic role and ventricular involvement of the ACM 
causal genes (plakophilin-2 -PKP2-, desmocollin-2 -DSC2-, desmoglein-2 -DSG2-, 
desmoplakin -DSP-, plakoglobin -JUP-, desmin -DES-, transforming growth factor 
beta-3 -TGFβ3-, transmembrane protein 43 -TMEM43-, lamin A/C -LMNA-, titin 
-TTN-, phospholamban -PLN-, αT-catenin -CTNNA3-, voltage-gated sodium 
channel -SCN5A-, Cadherin 2 -CDH2-, Filamin C -FLNC-, Ryanodine Receptor 
2 -RYR2-, RNA-Binding Motif Protein 20 -RBM20-, Tight Junction Protein ZO-1 
-TJP1-) [4, 11]. Figure 1 presents the intracellular localization of proteins codified 
by ACM-associated genes and their prevalence in causing the disease.

2.1 Desmosomal genes

Desmosomes are classified as a calcium-dependent anchoring junction that 
tethers cells together through its extracellular contacts and internally links to the 
intermediate filament (IF) cytoskeleton [37]. This cell union provide structural 
resilience that allows heart tissue to resist mechanical stress. Moreover, it has been 
described that desmosomal proteins have a role in the regulation of transcrip-
tion of genes involved in adipogenesis and apoptosis, and play a major role in 
myocardial electrical conduction through regulation of gap junctions and calcium 
homeostasis [4]. Deleterious alterations are mainly located in genes encoding 
desmosomal proteins that are responsible for around 60% of all ACM cases [4, 17]. 
Concretely, the main gene associated with ACM is PKP2, being responsible for 
approximately 35–40% of cases [35, 38, 39]. Pathogenic variants in PKP2 are found 
in around 75% of genotype-positive ACM cases in American cohorts, and nearly 
60% of genotype-positive index cases in European cohorts [4, 40]. In general, rare 
variants in genes encoding desmosomal proteins are more associated with right 
ventricular involvement. However, rare deleterious alterations in DSP are often 
associated with left ventricular involvement, and DSG2 and PKP2 with biventricu-
lar ACM, although the latter is observed in all gene groups at later stages of disease 
 progression [4, 9].
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2.1.1 Plakophilin-2

The most prevalent form of ACM is caused by rare pathogenic alterations in 
the PKP2 gene (ENSG00000057294), which encode plakophilin-2 protein (PKP2, 
ENSP00000070846). It is an essential armadillo repeat protein located in the outer 
dense plaque of cardiac desmosomes that interacts with multiple other cell adhesion 
proteins [41]. To date, more than 300 rare genetic variants potentially pathogenic 
have been identified in PKP2 [42]. Most of the ACM-linked pathogenic variants in the 
PKP2 gene have an autosomal dominant pattern of inheritance, even though recessive 
form was also described in 2006 [30]. Lately, calcium handling dysregulation caused 
by disruption of PKP2 has been described [43]. It seems that PKP2 is necessary to main-
tain transcription of genes that control intracellular calcium cycling. This could be the 
cause of life-threatening arrhythmias even in the absence of structural disease in those 
patients that present alterations in PKP2, which are the majority of ACM patients.

Gene Protein Frequency 
(%)*

Inheritance 
Pattern

Ventricular 
Disease**

Desmosome

PKP2 plakophilin-2 19–46 AD/AR RV, BIV

DSP desmoplakin 1–16 AD/AR LV, BIV

DSG2 desmoglein-2 2.5–10 AD/AR RV, LV, BIV

DSC2 desmocollin-2 1–8 AD RV, BIV

JUP plakoglobin Rare AD/AR RV, BIV

Adherens junction

CTNNA3 αT-catenin Rare AD RV, BIV

CDH2 cadherin 2 Rare AD RV, BIV

TJP1 tight Junction Protein ZO-1 Rare AD ?

Cytoskeletal structure

LMNA lamin A/C Rare AD LV, BIV

DES desmin Rare AD LV, BIV

FLNC filamin C Rare AD LV, BIV

TMEM43 transmembrane protein 43 Rare AD RV, BIV

TTN titin Rare AD RV, LV, BIV

Ion transport

SCN5A voltage-gated sodium channel Rare AD LV, BIV

RYR2 ryanodine Receptor 2 Rare AD ?

PLN phospholamban Rare AD LV, BIV

Cytokine

TGFB3 transforming growth factor, 
beta-3

Rare AD RV

Slicing factor

RBM20 RNA-Binding Motif Protein 20 Rare AD LV
*Taken from Austin et al. (2019) [51].
**Taken from Patel et al. (2020) [4].
? = Not conclusive association with ACM. AD = autosomal dominant; AR = autosomal recessive; BIV = biventricular 
disease; LV = left ventricle; RV = right ventricle.

Table 1. 
Genes associated with ACM.
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2.1.2 Desmoplakin

Desmoplakin is the most abundant protein of the desmosomes, encoded by the 
DSP gene (ENSG00000096696). Desmoplakin has two isoforms produced by alterna-
tive splicing: the longest desmoplakin I isoform (ENSP00000369129) and the shorter 
desmoplakin II (ENSP00000396591). Desmoplakin isoform I has been reported to be a 
force constituent of desmosomes and the major isoform present in cardiac tissue, even 
though expression of isoform II (DSPII) occurs in different heart compartments [44]. 
Nowadays, almost 250 rare variations in the DSP gene have been linked to ACM [42], 
mainly with autosomal dominant pattern of inheritance. The DSP gene was also impli-
cated in Carvajal syndrome, an autosomal recessive cardiocutaneous form of ACM that 
was described as a variant of Naxos disease (see below, plakoglobin section) [45].

2.1.3 Desmocollin-2 and Desmoglein-2

The desmosomal cadherins proteins, such as desmocollin and desmoglein are the 
major constituents of the desmosomal plaque. The DSG2 gene (ENSG0000046604) 
encodes Desmoglein-2 protein (DSG2, ENSP00000261590) that has four extracellu-
lar cadherin domains and a transmembrane domain. Currently, more than 150 rare 
variants have been associated to ACM [42]. Despite the fact that most of the identi-
fied DSG2 mutations have a dominant pattern of inheritance, a recessive pattern has 
been also suggested in ACM patients [46]. The DSC2 gene (ENSG00000134755) 
encodes the desmocollin protein type 2 (DSC2, ENSP00000280904), the most 
widely distributed form of desmocollin proteins [47]. It is a type I integral mem-
brane glycoprotein with four conserved extracellular subdomains, variable extra-
cellular anchor domain, a single transmembrane domain, an intracellular anchor 
domain, and additional cytoplasmatic subdomains. It participates in calcium-
dependent cell adhesion, regulation of tissue morphogenesis and intracellular 
signaling processes [48]. To date, nearly 120 genetic alterations have been identified 
in DSC2 associated with ACM following an autosomal pattern of inheritance [42].

Figure 1. 
Schematic representation of the intracellular localization of proteins codified by genes associated with ACM. 
Created with BioRender.com



195

Update on Genes Associated with Arrhythmogenic Cardiomyopathy
DOI: http://dx.doi.org/10.5772/intechopen.95332

2.1.4 Plakoglobin

The plakoglobin protein (PG, ENSP00000311113) is codified by the JUP gene 
(ENSG00000173801). PG is a major protein component of cell adhesion junctions, 
and the only constituent common to submembranous plaques of both desmosomes 
and adherens junctions. It plays a crucial role in linking the desmosomal cadherins 
to the cytoskeleton via desmoplakin. The first genetic alteration associated with 
ACM was an homozygous deletion in the JUP gene, with an autosomal recessive pat-
tern of inheritance [28]. In later years, it was referred to as “Naxos disease” [49]. To 
date, more than 30 rare genetic variants have been identified in JUP [42], including 
homozygous variants [50].

2.2 Non-desmosomal genes

This group includes genes encoding proteins of cytoskeletal architecture, cal-
cium handling, sodium transport, and cytokine signaling among others. All of them 
have a diverse range of biological functions, but a pathogenic alterations in them 
can converge into similar phenotypes [51]. Genetic defects in non-desmosomal 
genes are thought to be more frequently associated with involvement of the left 
ventricle compared with rare variants in desmosomal genes that, in general, are 
more often associated with RV involvement [4]. There are several rare deleterious 
alterations in non-desmosomal genes that cause ACM that are also involved in 
other cardiac diseases such as DCM, Brugada syndrome (BrS), Long QT syndrome 
(LQTS) or Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT). 
Thereby, in some cases, there is an overlap of symptoms that makes it challeng-
ing to determine the correct diagnosis. For this reason, it is necessary to perform 
more studies of genotype–phenotype correlation to increase the reliability of the 
diagnosis.

2.2.1 Desmin

The DES gene (ENSG00000175084) encodes the protein desmin (DES, 
ENSP00000363071) that is the main intermediate filament in mature skeletal and 
heart muscle cells. It forms a scaffold around the Z-disc and links whole contractile 
structure with subsarcolemmal cytoskeleton, intercalated disc, nucleus, and other 
components of the cytoplasm. Currently, less than 10 rare variants in this gene have 
been associated with ACM [42, 52, 53].

2.2.2 Transforming growth factor, beta-3

The TGFβ3 gene (ENSG00000119699) encodes the transforming growth factor, 
beta-3 protein (TGFβ3, ENSP00000238682), a cytokine that stimulates fibrosis and 
modulates cell adhesion and expression of desmosomal genes [54]. To date, there 
are only 4 rare alterations located in TGFβ3 as potential causes of ACM.

2.2.3 Transmembrane protein 43

The TMEM43 gene (ENSG00000170876) encodes the transmembrane protein 
43 (TMEM43, ENSP00000303992). It has an important role in maintaining nuclear 
envelope structure by organizing protein complexes at the inner nuclear membrane. 
Moreover, it has been suggested to have a role in an adipogenic pathway [55]. To 
date, around 15 ACM associated rare variants in TMEM43 has been identified [42], 
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one of them (p.S358L) exhibits an aggressive phenotype presenting with a fully 
penetrant, biventricular ACM with LV predominance and a high predilection for 
SCD in males [4, 55–57].

2.2.4 Lamin A/C

The LMNA gene (ENSG00000160789) encodes lamin A (ENSP00000357283) 
and lamin C (ENSP00000357284), by alternative splicing. Both of them belong 
to the family of type V intermediate filaments that take part in the constitution 
of the nuclear lamina, a complex of proteins below the inner part of the nuclear 
membrane [58]. Genetic alterations in LMNA are associated with an heterogeneous 
group of disorders commonly named “laminopathies” [59], including cardiac disor-
ders with DCM as the main disease. In 2012, the first association between this gene 
and ACM was reported [60]. To date, nearly 25 rare variants have been described in 
LMNA associated with ACM [42].

2.2.5 Titin

The TTN gene (ENSG00000155657) encodes the titin protein (TTN, 
ENSP00000343764) that is a giantic and the third most abundant protein in the 
muscle after actin and myosin. It is an essential component of the sarcomere linking 
myosin and the Z-disc, providing structural support, flexibility, and stability [4]. 
This gene has been associated with cardiac diseases, mainly DCM. In 2011 the first 
variant associated with ACM was reported [61]. To date, more than 20 rare variants 
have been associated with ACM [42]. Most of these variants remain as potentially 
pathogenic, with doubtful role due to lack of conclusive genotype–phenotype studies.

2.2.6 Phospholamban

The PLN gene (ENSG00000198523) encodes the protein phospholamban 
(PLN, ENSP00000350132), a small phosphoprotein closely associated with the 
cardiac sarcoplasmic reticulum. It is a regulator of the sarcoplasmic reticulum Ca2+ 
(SERCA2a) pump in cardiac muscle and therefore important for maintaining Ca2+ 
homeostasis [62]. Consequently, the PLN protein is one of the major determinants 
of cardiac contractility and relaxation [63]. To date, only one rare pathogenic vari-
ant associated with ACM has been identified in this gene [42, 64].

2.2.7 Alpha T-catenin

The CTNNA3 gene (ENSG00000183230) encodes the protein αT-catenin 
(CTNNA3, ENSP00000389714). Alpha T-catenin protein is located within the area 
composite of intercalated discs of cardiomyocytes. It is a key element for dynamic 
maintenance of tissue morphogenesis by integrating in the cadherin–catenin com-
plex. In 2013, genetic variants of potentially pathogenic significance were identified 
in two unrelated patients suffering from ACM [42, 65]. Moreover, it has been shown 
that CTNNA3 knockout mice exhibit a progressive cardiomyopathy with increased 
incidence of ventricular arrhythmias after acute ischemia [4, 66]. To date, no other 
rare variants associated with ACM have been identified in this gene.

2.2.8 Voltage-gated sodium channel

The SCN5A gene (ENSG00000183873) encodes for the cardiac sodium channel, 
voltage-gated, type V, alpha subunit (SCN5A, ENSP00000410257). This gene is 
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mainly associated with BrS and LQTS but it was also reported in patients diagnosed 
with ACM [67]. Recently, a study suggested that almost 2% of ACM patients harbor 
rare SCN5A variants [68]. In total, for the moment, no more than 10 SCN5A rare 
variants associated with ACM have been described.

2.2.9 Cadherin 2

The CDH2 gene (ENSG00000170558) encodes the protein cadherin type 2 
(CDH2, ENSP00000269141) that is a large transmembrane adherens junction 
protein that connects actin filaments in neighboring cardiomyocyte sarcomeres [4, 
69]. It is a member of the cadherin superfamily and provides strength and stability 
to cardiac tissue and calcium-ion-dependent adhesion among other functions. In 
2017 data were published regarding the firsts cadherin variants associated with 
ACM in this gene [70, 71]. To date, only 3 rare variants have been associated with 
ACM [42, 72].

2.2.10 Filamin C

The FLNC gene (ENSG00000128591) encodes for the protein filamin C (FLNC, 
ENSP00000327145) that is an actin cross-linking protein associated with Z-discs 
found only in striated muscle, important for structural cell stability and membrane-
triggered signal transduction [4, 51]. Pathogenic alterations in FLNC have been 
linked to skeletal myopathies as well as DCM and restrictive cardiomyopathies and 
possibly hypertrophic cardiomyopathy. Recently, this gene, particularly truncating 
variants, have been associated with ventricular arrhythmias and a high SCD risk 
[73, 74]. To date, it has been described that nearly 30 FLNC rare variants are associ-
ated with ACM [42].

2.2.11 Ryanodine receptor 2

The RYR2 gene (ENSG00000198626) encodes for the protein Ryanodine 
Receptor 2 (RYR2, ENSP00000355533) that is a sarcoplasmic reticulum calcium 
release channel that mediates the release of Ca2+ from the sarcoplasmic reticu-
lum into the cytoplasm which generates calcium transients to trigger sarcomere 
contraction. The majority of RYR2 deleterious alterations are associated with 
CPVT, but there are some studies that have been shown that rare variants in 
RYR2 can also cause ACM [75, 76]. For the moment, there are nearly 20 rare 
variants associated with ACM [42]. However, it is necessary to continue inves-
tigating the relationship between RYR2 and ACM to clarify the overlapping in 
diagnosis. There has even been described a case where the causal genetic altera-
tion could not be identified, but the patient presented with phenotypes of both 
disorders [77].

2.2.12 RNA-binding motif protein 20

The RBM20 gene (ENSG00000203867) encodes for the protein RNA-Binding 
Motif Protein 20 (RBM20, ENSP00000358532) that acts as a regulator of mRNA 
splicing of a subset of genes involved in cardiac development (sarcomeric, calcium 
regulation and ion regulation genes). There have been identified several rare 
alterations in RBM20 implicated in DCM and ACM and that causes severe arrhyth-
mia and SCD [78–81]. Therefore, pathogenic alterations in RMB20 are associated 
with a high propensity for malignant arrhythmias usually with minor structural 
 abnormalities [4, 80].
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2.2.13 Tight junction protein ZO-1

The TJP1 gene (ENSG00000104067) encodes for the protein tight junction 
protein Zona Occludens-1 (TJP ZO-1, ENSP00000281537), a multi-functional 
scaffolding protein that localizes to the intercalated discs of cardiomyocytes and 
interacts with proteins of gap junctions and area composita including connexin43, 
N-cadherin, αT-catenin, and actin [4]. Recently, it has been identified that 4 rare 
variants in ACM patients could be deleterious according to in silico tools predictions 
[42, 82]. Case–control studies provided evidence for enrichment with TJP1 variants 
in ACM patients compared with controls, supporting the causality role of TJP1 in 
ACM. Further evidence from larger cohorts for the role of TJP1 as a disease causing 
in ACM is still needed [4, 82].

3. Conclusion

Arrhythmogenic cardiomyopathy is an inherited rare cardiac disease character-
ized by progressive replacement of myocardium by fibrofatty tissue, leading to 
ventricular arrhythmias and sudden cardiac death. Structural abnormalities mainly 
occur in the right ventricle, but it is well recognized that also sole left ventricular 
involvement and even biventricular substitution is common, particularly in 
advanced stages of the disease. Several molecular mechanisms are involved in 
the phenotype of ACM such as myocardial inflammation and signaling pathways 
that cause fibrosis and adipogenesis. Today, most of these mechanisms are not 
completely understood. Task Force Criteria for the diagnosis of arrhythmogenic 
cardiomyopathy include several clinical tests and also genetic data. Despite progres-
sive improvement in diagnosis, it is difficult to obtain conclusive risk stratifica-
tion in families suffering from arrhythmogenic cardiomyopathy. Hundreds of 
rare alterations are reported in mainly genes encoding desmosomal proteins, but 
there are also other causal genes with several functions within the cardiac tissue. 
A comprehensive genetic analysis may identify the potential genetic cause of the 
disease in nearly 60% of cases. Genetic testing is especially useful in families with 
at least one affected member that carries a potential deleterious alteration because 
it allows early identification and adoption of therapeutic measures among relatives 
at risk of malignant arrhythmias. Currently, one of main challenges is the genetic 
interpretation and clinical translation of amount of genetic data generated by new 
genetic technologies.
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Abstract

Naxos disease is a genetic cardiocutaneous syndrome manifesting with a  
cardiomyopathy that belongs in the arrhythmogenic right ventricular cardiomy-
opathy (ARVC) spectrum and follows an autosomal recessive pattern. It manifests 
with wooly hair, keratosis of the extremities and right ventricular dysfunction. It 
is accompanied by risk of arrhythmias as well as sudden cardiac death (SCD), even 
at a young age. Furthermore, the disease often progresses to right ventricular heart 
failure, but can also affect the left ventricle. Patient management follows current 
guidelines on ARVC and principles for heart failure management. Bioengineering 
and research about pluripotent stem cells seem to have potential to improve future 
management of the disease. This chapter covers current knowledge on Naxos  
disease regarding clinical features, epidemiology, pathogenesis, guidelines on 
patient management and provides insights in research frontlines.

Keywords: arrhythmias, cardiomyopathy, genetics, heart failure, Naxos disease, 
sudden cardiac death

1. Introduction

Naxos disease is an arrhythmogenic cardiomyopathy, considered to represent a 
form of ARVC [1]. It is of genetic origin and two main proteins have been associ-
ated with the disease. The clinical manifestations include wooly hair, keratosis 
of the extremities, and right ventricular dysfunction. Albeit rare, the disease can 
cause advanced heart failure and life-threatening arrhythmias, even in the young 
[2]. Data on Naxos disease are limited, and current patient management follows 
the guidelines for heart failure and ARVC. In recent years, research has focused 
on the field of bioengineering, illuminating some of the aspects of the disease 
and cultivating future perspectives regarding its management. In this chapter 
we present current knowledge regarding the clinical presentation, epidemiology, 
genetic substrate, pathophysiology, current guidelines for patient management, 
and future paths for Naxos disease.

2. Clinical presentation of Naxos disease

Naxos disease manifests with a typical phenotype including both cardiac and 
extracardiac characteristics. The extracardiac manifestation of the disease involves 
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tight, wooly and rough hair, commonly present from birth [3]. In addition, Naxos 
patients exhibit diffuse palmoplantar non-epidermolytic keratosis, with clear bor-
ders, manifesting as soon as the child starts using hands and feet [3, 4]. Small arms 
and hands, short fingers, curved nails and hypo/oligodontia have also been reported 
in some cases [5, 6]. Notably, heterozygous carriers do not display certain aspects of 
the disease, such as palmoplantar keratoderma but wooly hair may manifest [7].

Regarding the cardiac characteristics, the disease resembles the ARVC pheno-
type. Echocardiography frequently portrays right ventricular dysfunction. In more 
detail, prominent dilation is often present along with hypokinesia and aneurysms 
that affect mainly the outflow tract, apex, and inferior wall of the right ventricle 
[3, 7]. In a quarter of the cases, the left ventricle is also affected, exhibiting the 
same characteristics as seen in dilated cardiomyopathy [4]. The term ‘triangle 
of dysplasia’ has been suggested in Naxos disease, which refers to aneurysms of 
the outflow tract, apex, and posterior wall of the right ventricle [8]. The disease 
prognosis is generally adverse [8]. The annual cardiac mortality reaches 3.0% [7].

While the extra-cardiac manifestations are prominent from a young age, symp-
toms suggestive of cardiac involvement usually occur in adolescence and in young 
adulthood. Heart failure and life-threatening ventricular arrhythmias may occur 
in adolescence [4]. Palpitations, syncope, and atrial arrhythmias are frequently 
encountered [5]. Arrhythmic events involve a wide range of patterns, from numer-
ous premature ventricular complexes to sustained ventricular tachycardia (VT) 
and are present in half of the patients [7]. Events of VT, most commonly of a left 
bundle branch block (LBBB) pattern suggestive of right ventricular origin [9], have 
been documented in Naxos disease, even being drug-refractory in some cases [5]. 
Symptomatic patients tend to exhibit inducible VT in electrophysiology studies [3].

Symptoms suggestive of right ventricular dysfunction occur in advanced heart 
failure [8], while heart failure, either right- or bi-ventricular affects half of the 
patients after 10-year follow-up after diagnosis [7]. When severe hypokinesia 
is present in the context of progression of heart failure, intra-cardiac thrombi 
may occur [10]. Heterozygous carriers do not display ventricular arrhythmias 
or late potentials on signal-averaged electrocardiography (ECG), but atypical 
ECG or echocardiographic discrepancies may occur [7]. Similarly, they did not 
display symptoms or echocardiographic abnormalities in follow-up, in a paper by 
Protonotarios et al. [7].

3. Epidemiology and genetic substrate

Naxos disease has been identified as a form of ARVC inherited in an autosomal 
recessive pattern by the World Health Organization since 1995 [11]. However, 
the disease was first described in 1986, when Protonotarios and associates first 
documented the disease manifestations and clinical course [5]. The name “Naxos” 
originates from this original description of the disease; nine patients, aged 7 to 
41 years, from four families of Naxos island in Greece, were presented. All these 
patients had wooly hair and palmoplantar keratosis as well as a range of arrhythmic 
events, including VT. Interestingly, all patients had echocardiographic signs of 
right ventricular (RV) dysfunction, while in some the left ventricle (LV) was also 
affected [5]. Since then, more patients have been found not only in Greece, but in 
Israel, Saudi Arabia, Italy, and Turkey [12]. Sporadic cases of the disease have also 
been identified in Bangladesh and in Canada [13, 14]. The prevalence of the disease 
in the Greek islands has been calculated to 1:1000 [3]. Officially, the disease was 
first named “Naxos disease” in a 1994 abstract [15]. Of interest, since ARVC and 
its clinical spectrum has been found to manifest with biventricular or mainly LV 
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dysfunction, the term arrhythmogenic cardiomyopathy (ACM) has been proposed 
as more accurate [1]. Prevalence of heterozygous carriers is up to 5% in the Naxos 
population [8].

The proposed recessive hereditary pattern and the resemblance of the disease to 
ARVC [5, 16], was confirmed in 1998, when its locus was identified in chromosome 
17 in position q21 [17], and in 2000 when plakoglobin was identified as the mutated 
protein attributed to the disease [18]. Since then, research has concluded that the 
causative mutation (Pk2157del2TG) is in the gene truncating the C-terminal of the 
protein plakoglobin [3, 12]. In addition, another mutation, the homozygous 2-bp 
deletion (c.2157delTG) (also in the protein plakoglobin) has been associated with 
the disease [18]. Furthermore, mutations of the protein desmoplakin have been 
identified to cause cardiocutaneous ARVC [19, 20]. Early data suggested that Naxos 
disease was a more severe form of ARVC [12], while a more recent comparison 
between the two entities indicates a similar cardiac phenotype, easily identified 
through non-invasive screening [2, 21]. In 2017, a novel homozygous mutation 
was discovered to cause Naxos disease, in unrelated patients of French-Canadian 
families. This is a mutation of the exon 5 of the JUP gene (p.Glu301 Gly) [14]. 
Two mutations of the desmoplakin gene have been implicated; Dsp7901del1G and 
DspG2375R [19, 20]. All aforementioned mutations follow an autosomal recessive 
pattern [2]. However, in 2011 a mutation (c.1790 C > T, p.Ser597Leu) was reported 
to be causative of the disease associated with hypo/oligodontia, that follows an 
autosomal dominant pattern [6].

A syndrome resembling Naxos disease, known as Carvajal syndrome, has been 
described in families from Ecuador and India as well as in Arab-Palestinian families 
[8, 22, 23]. Truncated proteins of desmoplakin, plakoglobin and desmocollin-2 have 
been implemented in the genetic substrate [23]. This syndrome was first described 
by Carvajal-Huerta [22]. Patients present with epidermolytic keratoderma while the 
disease usually manifests at a younger age and the LV is commonly affected [3, 8]. 
Notably, the replacement of the myocytes by fatty tissue is not apparent in Carvajal 
syndrome [24].

4. Pathophysiology and diagnostic criteria

Both plakoglobin (γ-catenin) and desmoplakin, that are linked with Naxos 
disease are associated with myocardial cell adhesion [3, 25]. Plakoglobin has a 
two-fold role in both mechanical contraction and electrical signal conduction; it 
is a component of the desmosomes, interconnecting with the intermediate fila-
ments of desmin, and constitutes a component of the adherens junctions where it 
is connected to the actin skeleton [3, 26]. Similarly, desmoplakin is a cytoplasmic 
protein that links plakoglobin to the intermediate filaments of desmin [3]. The 
defective cell adhesion in the case of the truncated plakoglobin protein, also causes 
a reduction in the connexin-43 levels, a major gap junction protein. The associated 
myocardial gap-junction remodeling, creates a substrate for arrhythmogenic events 
[27]. Furthermore, the defective cell adhesion of the cardiomyocytes leads to their 
apoptosis which is then followed by fibrofatty replacement in the affected ventricles 
[18]. The associated conduction disturbances created can induce arrhythmogenic 
events and sustain re-entry circuits [3].

In the landmark paper Protonotarios et al., all patients were reported to have 
signs of intra-ventricular conduction delay ECG as well as echocardiographic find-
ings of right- or bi-ventricular dysfunction. In more detail, the ECG abnormalities 
that were reported include a wide QRS ≥120 ms and abnormal T-wave inversions 
in seven out of nine patients [5]. The most common abnormalities documented 
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Category Criteria

Global or regional 
dysfunction and 
structural alterations

Major
By 2-D echocardiography:

• Regional RV akinesia, dyskinesia, or aneurysm

• and 1 of the following (measured in end diastole):

 ○ PLAX RVOT ≥32 mm (corrected for body size PLAX/BSA ≥19 mm/m2)

 ○ PSAX RVOT ≥36 mm (corrected for body size PSAX/BSA ≥21 mm/m2)

 ○ or fractional area change ≤33%

By CMR:

• Regional RV akinesia, dyskinesia or dyssynchronous RV
contraction

• and 1 of the following:

 ○ Ratio of RV end-diastolic volume to BSA ≥110 mL/m2 (male) or
≥100 mL/m2 (female)

 ○ or RV ejection fraction ≤40%

By RV angiography:

• Regional RV akinesia, dyskinesia or aneurysm

Minor
By 2-D echocardiography:

• Regional RV akinesia or dyskinesia

• and 1 of the following (measured in end diastole):

 ○ PLAX RVOT ≥29 to <32 mm (corrected for body size PLAX/BSA ≥ 16 to 
<19 mm/m2)

 ○ PSAX RVOT 32 to 36 mm (corrected for body size PSAX/BSA ≥18 to 
<21 mm/m2)

 ○ or fractional area change 33–40%

By CMR:

• Regional RV akinesia or dyskinesia or dyssynchronous RV
contraction

• and 1 of the following:

 ○ Ratio of RV end-diastolic volume to BSA ≥100 to <110 mL/m2 (male) 
or ≥ 90 to <100 mL/m2 (female)

 ○ or RV ejection fraction >40% to ≤45%

Wall tissue 
characterization

Major
Residual myocytes <60% by morphometric analysis (or < 50% if estimated), 
with fibrous replacement of the RV free wall
myocardium in ≥1 sample, with or without fatty replacement of tissue on 
endomyocardial biopsy
Minor
Residual myocytes 60–75% by morphometric analysis  
(or 50–65% if estimated), with fibrous replacement of the RV free wall 
myocardium in ≥1 sample, with or without fatty replacement of
tissue on endomyocardial biopsy

Repolarization 
abnormalities

Major
Inverted T waves in right precordial leads (V1, V2, and V3), or beyond in 
individuals >14 years old (in the absence of complete RBBB ≥QRS 120 ms)
Minor

• Inverted T waves in leads V1 and V2 in individuals >14 years old (in the 
absence of complete RBBB) or in V4, V5 or V6

• Inverted T waves in leads V1, V2, V3, and V4 in individuals >14 years old in 
the presence of complete RBBB
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in Naxos patients are wide QRS and inverted T-waves in V1-V3 or in all precordial 
leads, while epsilon waves may also be present [3]. An incomplete right bundle 
branch block may also be apparent, while the extrasystoles tend to manifest with 
an LBBB morphology [7]. Flattened T-waves appear in the case of biventricular 
involvement [3]. Late potentials in Naxos disease are more often abnormal than in 

Category Criteria

Depolarization/
conduction abnormalities

Major
Epsilon wave (reproducible low-amplitude signals between end of QRS 
complex to onset of the T wave) in the right precordial leads (V1 to V3)
Minor

• Late potentials by SAECG in ≥1 of 3 parameters in the absence of QRS 
≥110 ms on the standard ECG

• Filtered QRS duration (fQRS) ≥114 ms

• Duration of terminal QRS <40 μV (low-amplitude signal duration) ≥38 ms

• Root-mean-square voltage of terminal 40 ms ≤20 μV

• Terminal activation duration of QRS ≥55 ms measured from the nadir of 
the S wave to the end of the QRS, including R’, in V1, V2, or

V3, in the absence of complete RBBB

Arrhythmias Major
Nonsustained or sustained ventricular tachycardia of LBBB morphology with 
superior axis (negative or indeterminate QRS in leads II, III, and aVF and 
positive in lead aVL)
Minor

• Nonsustained or sustained ventricular tachycardia of RV outflow configu-
ration, LBBB morphology with inferior axis (positive QRS in
leads II, III, and aVF and negative in lead aVL) or of unknown axis

• >500 ventricular extrasystoles per 24 hours (Holter monitoring)

Family history Major

• ARVC confirmed in a first-degree relative who meets current Task Force 
criteria

• ARVC confirmed pathologically at autopsy or surgery in a first degree 
relative

• Identification of a pathogenic mutation categorized as associated or prob-
ably associated with ARVC in the patient under evaluation

Minor

• History of ARVC in a first-degree relative in whom it is not possible or 
practical to determine whether the family member meets current

Task Force criteria

• Premature sudden death (<35 years of age) due to suspected ARVC in a 
first-degree relative

• ARVC confirmed pathologically or by current Task Force Criteria in a 
second-degree relative

Required for definite diagnosis: 2 major or 1 major and 2 minor criteria or 4 minor from different categories; 
borderline: 1 major and 1 minor or 3 minor criteria from different categories
Possible diagnosis: 1 major or 2 minor criteria from different categories.
ARVC, arrhythmogenic right ventricular cardiomyopathy; BSA, body surface area; CMR, cardiac magnetic 
resonance imaging; LBBB, left bundle branch block; PLAX, parasternal long-axis view; PSAX, parasternal short-
axis view; RBBB, right bundle branch block; RV, right ventricular; RVOT, RV outflow tract; SAEG, signal averaged 
ECG.
Adapted from Marcus et al. [31].

Table 1. 
Revised task force criteria for arrhythmogenic right ventricular cardiomyopathy.
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other forms of cardiomyopathies [28]. In echocardiography, dysfunction, hypo-
kinesia and aneurysms are prominent [3, 7]. In histological specimens fibrofatty 
patterns are prominent, while focal myocarditis has also been reported in follow-up 
histology specimens [4]. Both the subepicardial and the mediomural myocardium 
of the involved ventricles is replaced by fibrofatty tissue, while healthy myocytes are 
surrounded by fatty tissue [3, 29]. In immunohistochemical specimens the signal of 
plakoglobin and connexin-43 in the intracellular junctions is diminished [24, 27].

Since the disease belongs in the ARVC spectrum and there are currently no 
specific diagnostic criteria for the cardiac manifestations of Naxos disease, the 
diagnostic criteria of ARVC are widely used [30, 31]. However, while the specific-
ity of the revised task force criteria is high, sensitivity has been shown to be as 
low as 13–20% [32]. Since then, progress has been made regarding tissue charac-
terization through cardiac magnetic resonance (CMR), possibly providing a tool 
of higher diagnostic accuracy, high specificity and high sensitivity [32, 33]. The 
revised task force criteria for ARVC are depicted in Table 1. In November 2020 
the Padua criteria for the diagnosis of ACM was published. The Padua diagnostic 
criteria introduce tissue characterization by contrast enhanced cardiac magnetic 
resonance for detection of fibro-fatty myocardial replacement of both ventricles. It 
also adds new ECG criteria, including depolarization/ repolarization abnormalities 
and ventricular arrhythmias, specific for the LV involvement [34]. The proposed 
Padua diagnostic criteria need to be validated by further clinical studies in large 
cohorts of patients.

5. Therapeutic management

5.1 Heart failure

Naxos disease is predominantly a condition affecting the right ventricle, 
causing right ventricular failure. Unlike for LV failure, less is known regarding the 
optimal pharmacological therapy. However, the expert consensus regarding the 
management of ACMs suggests that when treating left or right ventricular dys-
function, angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor 
blockers, beta-blockers, mineralocorticoid receptor antagonists, and diuretics, in 
the case of fluid overload, should be considered [35]. Despite the lack of Naxos-
specific guidelines, ACE inhibitors, betablockers, and diuretics are reasonable 
prescribing choices [2]. Dapagliflozine and empagliflozine have been introduced 
in the treatment of heart failure, even in non-diabetic patients [36, 37], while 
sacubitril/valsartan is indicated for patients with left ventricular ejection fraction 
(EF) ≤35% [38]. Anticoagulation treatment is indicated in the case of atrial  
fibrillation/flutter, in the event of intra-cardiac thrombi and can also be consid-
ered in patients with ventricular aneurysms, either left or right [35, 39]. In the 
case of advanced heart failure, patients may benefit from devices such as cardiac 
resynchronization therapy (CRT), often combined with an implantable cardio-
verter-defibrillator (ICD), left ventricular assist devices (LVAD) and assist devices 
for the right ventricle (RVAD or BiVAD) in the setting of an LVAD implantation 
and considered as bridge to transplant [38].

5.2 Arrhythmias and sudden cardiac death

The prognosis of the disease is adverse, especially in the young and annual SCD 
mortality is 2.3% [7, 8]. As risk factors for SCD, the following have been identified: 
history of syncope, onset of symptoms before the age of 35, structural progression 
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before the age of 35, and left-ventricular involvement [7]. However, risk stratifi-
cation of SCD constitutes a challenge. ARVC guidelines and position papers on 
ICD implantation, guide the same decisions in the management of Naxos disease 
[35, 40]. Criteria for risk stratification for SCD is presented in Table 2. A clear 
indication for an ICD implantation is aborted SCD and VT with haemodynamic 
instability, while in the case of VT without haemodynamic compromise it should 
also be considered [35, 40]. An ICD protects from SCD in ARVC either in second-
ary prevention or is justified as primary prevention based on careful judgment of 
risk factors [40–42]. However, the clinical presentation should play a major part in 
the decision making; unexplained syncope, risk markers associated with medical 
history, family history and severity of clinical presentation and deterioration should 
be considered [40]. An ICD is indicated for ACM patients with low ejection fraction 
≤35% and New York Heart Association (NYHA) class II or III, provided that the 
patient’s estimated survival exceeds one year [35]. The same guidelines apply for 
Naxos patients. The first implantation of an ICD in a Naxos patient was reported in 
2000 [43]. Naxos-specific guidelines are rare. Among those, an ICD is indicated for 
patients who are symptomatic or present structural progression especially before the 
age of 35 [8, 44]. Naxos patients, like ARVC patients, should abstain from competi-
tive sports as myocardial stress can exacerbate the dysplasia [40]. Regarding drug 
therapy, beta-blockers (Class I), and possibly amiodarone (Class IIb) and sotalol 
(Class IIb) in special cases have been suggested for patients with ACMs for the con-
trol of arrhythmias and the reduction of ICD shocks [35, 45]. Specifically for Naxos 
patients with recurrent sustained VTs, anti-arrhythmic drugs should be prescribed 
as per the general guidelines of arrhythmias, while amiodarone or sotalol alone or in 
combination with beta-blockers have been suggested [8, 40, 45]. As far as catheter 
ablation is concerned, it should be considered in ACM cases with amiodarone-
refractory recurrent monomorphic VT, recurrent symptomatic drug-refractory 

Estimated Risk Parameters

High risk (>10% / year) Major arrhythmic events

• Cardiac arrest due to ventricular arrhythmia

• Sustained ventricular tachycardia

Intermediate risk (1–10% / 
year)

Major risk factors

• Non-sustained ventricular tachycardia

• Unexplained syncope

• Severe right or left ventricular dysfunction

Minor risk factors

• Male sex, proband

• Frequent ectopic beats (≥1000 premature ventricular beats per day)

• Extent of negative T-waves (beyond V3)

• Inducibility on electrophysiological study

• Extent of right ventricular fibrofatty scarring

• Multiple associated desmosomal mutations

Low risk (<1% / year) No events/no risk factor

• Healthy gene carriers

• Patients with definite ARVC

Adapted from Corrado et al. [46].

Table 2. 
Risk stratification for sudden cardiac death in ARVC.
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sustained VT, symptomatic nonsustained VT or a high ectopic burden (≥1000 pre-
mature ventricular contractions/day) refractory to beta-blockers [35]. Beta-blockers 
are also recommended for patients without an ICD (Class IIa) [35].

5.3 Bioengineering

On the front of cellular and molecular engineering, advances have been made 
that may create a substrate with therapeutic potentials in the future. The pharma-
ceutical substance SB216763 (SB21) (an inhibitor of the glycogen synthase kinase 
GSK-3β) prevented heart failure and reduced mortality when administered early 
on to zebrafish models with induced plakoglobin mutations that resulted in Naxos 
disease. The effect could possibly be attributed to the prevention of the formation 
of an arrhythmic substrate on the intercalated disk level [47]. Further data on 
mammalian models are, however, needed [2, 48].

On the front of induced pluripotent stem cells (iPSCs) that enable the in-vitro 
study of human genetic disorders like ARVC through the induction of mutant 
cardiomyocytes, albeit a challenging field, promising results have been reported 
[49–51]. Researchers have been able to re-create the ARVC phenotype using adult-
like metabolic energetics, proving that adultlike metabolism plays a crucial role 
in establishing ARVC models through iPSCs [49]. Furthermore, cultured ARVC 
cardiomyocytes manifest with adipogenic phenotype and reduced cell surface 
localization of desmosomal proteins, characteristic features of ARVC [50]. Also 
Naxos-ARVC has been created in mice models through a homozygous mutation of 
the plakoglobin gene [52] and of the desmoplakin gene, the latter causing human-
like cardiac arrhythmias, palmoplantar keratosis, and alopecia [53]. Interestingly, 
cardiac function was restored in mice through the normalization of Naxos plako-
globin levels, indicating that it is the downregulation of the protein that causes the 
cardiac dysfunction, rather than the mutation itself [54]. This conclusion, if further 
supported, could have clinical applications in Naxos disease [2]. The article suggests 
that an approach to this would be to use antisense technology to specifically block 
nonsense-mediated decay of mutant plakoglobin mRNA, enabling the expression of 
the truncated protein at increased levels [54, 55].

6. Conclusion

In this chapter key aspects of Naxos disease are presented. Due to its rarity, 
the condition follows the general guidelines for arrhythmias and heart failure, as 
disease-specific criteria is lacking. However, due to its uniqueness, larger Naxos 
registries are needed, as they would illuminate the individual characteristics of 
the disease as well as guide the way to designated guidelines for the management 
of Naxos patients. Possibly, the thorough study of the origins of the disease, the 
genetic substrate and pathogenesis, can offer insights with therapeutic potential.
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Chapter 10

Arrhythmogenic Right Ventricular 
Cardiomyopathy
Sukanya Ghosh

Abstract

Arrythmogenic right ventricular cardiomyopathy (ARVC) is a genetic form of 
cardiomyopathy causing fibro-fatty replacement of the myocardium. Although  
usually transmission is autosomal dominant, 12 genes encoding cardiac desmo-
somes have been found to be closely linked to this disease process shifting the 
congenital disease theory to a genetic one. The categorisation of ARVC as a myo-
cyte adhesion disorder was first suggested by a molecular genetic study involving 
patients with Naxos disease. Misnomeric to only affect the right ventricle, ARVC 
also affects the left ventricle - culminating into biventricular failure as a long term 
prognosis. Epidemiology is well established with a male to female preponderance. 
It is currently the second most common cause of sudden cardiac death (SCD) 
in population < 35 yrs. Pathological basis of the varied clinical presentation is 
explained at the molecular level with myocardial atrophy, fibro-fatty replacement 
and chamber dilatation. Diagnosing the condition by ruling out the pitfall differ-
entials is an enormous challenge due to the broad phenotypic spectrum including 
syncope on one end and SCD on the other. Task Force Criteria combines electrocar-
diography (ECG), echocardiography (ECHO), cardiac magnetic resonance imaging 
(CMRI), myocardial biopsy for diagnosis; early detection, family screening and 
risk stratification being the cornerstones. Therapeutic options although limited 
due to the progressive nature of the disease is based on preventing life threaten-
ing arrhythmias encompassing primary and secondary prevention - Implantable 
cardioverter -defibrillator (ICD) implantation, radiofrequency ablation and heart 
transplantation are the main ones.

Keywords: Arrythmogenic right ventricular cardiomyopathy (ARVC), 
Arrythmogenic right ventricular dysplasia (ARVD), sudden cardiac death, 
cardiomyopathy, genetic cardiomyopathy, cardiac desmosomes, plakophilin-2  
(PKP-2), pathophysiology, diagnosis, treatment

1. Introduction

Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D) is a 
genetic form of cardiomyopathy and was initially known to primarily affect only the 
right ventricle (RV). It has now been found out that this disease process also may 
involve the left ventricle (LV) and culminate in life-threatening ventricular arrhyth-
mias prompting sudden cardiac death (SCD) and/or biventricular heart failure [1]. 
ARVC is one of the leading causes of arrhythmic cardiac arrest in young people and 
athletes [2, 3]. The pathological hallmark of the disease is progressive loss of right 
ventricular myocardium and its replacement by fibrofatty tissue (Figure 1) [2, 4].
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2. Epidemiology

The estimated prevalence of ARVC in the general population is approximately 
1:5000 but in some European countries like Italy and Germany, it can be almost 
1:2000, affecting men more frequently than women with a ratio of 3:1 [2] and can 
be explained either by a direct influence of sex hormones on the mechanisims 
involved in the phenotypic expression of the disease [2] or by sex based differences 
in the amount or intensity of exercise [2].

The exact prevalence, however, is unknown and could be higher than the esti-
mated value because of the existence of many undiagnosed or missed diagnosed cases.

Approximately 50% of affected patients have a positive family history, but both 
incomplete penetrance and limited phenotypic expression are common and proba-
bly account for underestimation of the prevalence of familial disease. The disease is 
typically transmitted with an autosomal dominant pattern of inheritance, although 
rare autosomal recessive forms have been described [3].

3. History

This disease was first described in 1736 by the Pope’s physician, Giovanni Maria 
Lancisi in his book De Motu Cordis et Aneurysmatibus where he mentions about a 
family where the affected members of the family had presented with palpitations, 
heart failure dilation and aneurysms of RV and SCD [4].

Dalla Volta et al. Reported a patient having “auricularization” the RV pressure 
curve, in 1961, emphasising on the peculiar haemodynamic picture of this non-
ischaemic heart muscle disease where the RV was behaving like an atrium [5]. It was 
only in the 1980’s when Drs Marcus, Nava, and Thiene found out the first clinical 
and pathologic series of patients with ARVC [6].

Figure 1. 
Heart of a 37-year-old woman admitted with heart failure who suffered a subsequent cardiac arrest. The arrow 
identifies fatty infiltration of the right ventricle [9].
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In 1982, Marcus et al. reported the disease in 24 adults, emphasising the origin 
of arrhythmias from the RV and the histopathological substrate consisting of 
fibrofatty replacement of the RV free wall. He also accounted for the ventricular 
arrhythmias of RV origin with left bundle branch block (LBBB) morphology. 
However, it was not until 1984 that the electrocardiographic features of ARVC were 
first elaborately described including the epsilon wave [6].

In 1988, Thiene et al. mentioned a significant series of sudden deaths in the 
young (< 35 years). It was noted that the pathology consisting of ARVC mostly 
occurred during effort and were characterised by ventricular arrhythmias of LBBB 
morphology and inverted T- waves in the right precordial leads in electrocardio-
gram (ECG). At the time this accounted for 20% of all sudden deaths in the young 
and this was the first time when ARVC was acknowledged as an important cause of 
sudden deaths in the young population [6].

ARVD1 is the first gene locus that was found by Rampazzo et al. in 1994 at chro-
mosome 14q23 [5]. Basso et al. described the pathological profile in detail in 1996. 
He emphasised the frequent left ventricular (LV) involvement and the presence of 
an inflammatory component [6].

ARVC was included among cardiomyopathies in the revised World Health 
Organisation (WHO) classification in 1995 and progressive cell death (apoptosis) in 
myocyte was proven [6].

The need of an International Registry of the disease arose and two research 
programs where implemented on both sides of the Atlantic Ocean [6].

The first gene defect was discovered in the recessive variant of the disease which 
was originally identified in 1985 from the Naxos island and consisted of a cardiocu-
taneous syndrome presenting with ARVC, palmoplantar keratosis and woolly hair. 
A deletion was detected in the gene encoding plakoglobin which is the cell function 
protein [6].

Thereafter, other genes which encode cell junction proteins were found defective 
in the dominant, classical form of ARVC. Some of them were desmoplakin, pla-
kophilin, desmoglein-2, desmocollin-2. These mutations accounted for intercalated 
disc remodelling at the ultrastructural level. The other variants of the disease were 
explained by mutation of ryanodine- 2 receptor and transforming growth factor 
beta 3 gene [6].

4. Genetics

ARVC is typically inherited as a dominant Mendelian disease, although 
recessive variants exist and the involvement of family members often can only be 
detected by directed screening. Human genetic studies in the past have offered 
insight into the potential causes of ARVC. Early work demonstrated substantial 
genetic heterogenetic T cells, and at least 9 independent loci have now been 
identified [7].

The genetic hypothesis has been thoroughly studied. The first chromosomal 
locus identified was published by Rampazzo [8] et al. in 1994 in Italy as previously 
mentioned. Linkage analysis supported the evidence for genetic heterogeneity 
for several ARVC loci on chromosomes (1, 2,3,6,10,12 and 14) [1, 8]. Similarly, he 
reported the desmoplakin gene (DSP), the first desmosomal protein gene to be 
associated with a major form of the disease, with autosomal dominant inheritance, 
also called ARVC type 8 [1].

In addition, the gene for Naxos disease was mapped on chromosome 17 (locus 
17q21), by McCoy et al. [1]. This is the first disease causing gene, also named junc-
tion plakoglobin (JUP) gene (autosomal recessive variant of ARVC) [1].
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The discovery of cutaneous and hair follicle involvement in recessive forms of 
ARVC led to the identification of mutations in the desmosomal proteins plakoglo-
bin and desmoplakin [7]. These findings also implicated other desmosomal proteins 
or their partner proteins as candidate causes of the disorder. Subsequent work has 
revealed desmosomal mutations in a small proportion of dominantly inherited 
ARVC cases and in arrhythmogenic cardiomyopathy localised to the left ventricle 
[7]. The description of mutations in the cardiac ryanodine receptor in families 
with an exercise-related arrhythmia known as catecholaminergic, a polymorphic 
ventricular tachycardia has highlighted phenotypic distinctions from typical ARVC 
[7]. ARVC genetics took a significant step forward when it was discovered that 
mice null for the Armadillo protein plakophilin 2 (PKP 2), another desmosomal 
component, die at around E 11 with profound cardiac abnormalities [7]. These mice 
fail to form normal cardiac desmosomes, and desmoplakin disassociates from the 
abnormal junctions accumulating in cytoplasmic aggregates. These findings led in 
turn to the discovery of dominant mutations in the PKP2 gene in a large proportion 
of probands with ARVC and not only established mutant desmosomal proteins 
as a major cause of the syndrome but also raise the possibility of genetic testing 
as a diagnostic tool [7]. The initial report in a series of 120 and selected European 
probands identified PKP2 mutations in almost 1/3 of these individuals. Data from 
more selected cohorts of index patients with evidence of familial involvement have 
suggested that as many as 70% of such kindreds may have mutations in PKP2. Of 
note, these investigators also described evidence of founder effects for several PKP2 
to mutations in remote kindreds, implying less dramatic effects on survival than are 
seen in other forms of ARVC [7].

A recessive mutation of DSP has been reported and associated with Carvajal 
syndrome, another cardiocutaneous disease [1]. PKP2 is the most frequent targeted 
protein with more than 25 different mutations identified in the gene encoding it. 
Thus, ARVC was found to be mainly a disease of the cardiomyocyte junction [2].

Furthermore, extra-desmosomal gene, unrelated to the cell adhesion complex, 
have been implicated as autosomal dominant forms of ARVC, such as (1). the 
cardiac ryanodine-2 receptor gene, responsible for the release of calcium from 
the sarcoplasmic reticulum; (2). the transforming growth factor beta3 gene (TGF 
beta3) implicated in the regulation of production of extracellular matrix and 
expression of genes encoding desmosomal proteins and the TMEM43 genes [1].

The cardiac ryanodine receptor gene (RyR2) has also recently been implicated 
in ARVC and office potential insight into the Association of Edren it adrenergically 
mediated ventricular arrhythmias with this disease. The ryanodine receptor induces 
calcium released from the sarcoplasmic reticulum into the cytosol. The cardiac 
ryanodine receptor has also been identified as being responsible for catecholamine-
induced ventricular tachycardia. Its skeletal muscle counterpart has been implicated 
in malignant hyperthermia and central core disease, a congenital myopathy but the 
mechanisms by which mutations in the cardiac ryanodine receptor might mediate 
fibrofatty myocardial changes are not clear and will likely be the focus of future 
studies [9].

The discovery of these gene mutations allowed preliminary genotype– 
phenotype correlations to be made.

5. Histopathology

Characteristically, the RV in ARVC is replaced with a fibrofatty tissue. 
Morphologic alterations of ARVC usually begin in the subepicardium or 
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mediomural layers of the RV and progress to the endocardium with fibrofatty 
replacement of myocytes and thinning of the wall (Figure 2). The regions of RV 
most frequently involved are the RV inflow area, the apex and the infundibulum. 
These three areas form “the triangle of dysplasia” [9]. However, small amounts of 
fat are present in the epicardial layer and within the RV myocardium in normal 
subjects. Fontaine et al. examined the hearts at necropsy in 140 individuals with 
no history of heart disorders. Over 50% of the subjects had fat within their RV 
myocardial fibres, and the presence of intramyocardial fat increased with age. 
Therefore, histologic diagnosis of ARVC may be difficult in borderline cases. To 
avoid overdiagnosing ARVC, Angeline et al. have proposed that the presence in 
biopsy sections of more than 3% of fibrous tissue and more than 40% of fatty 
tissue is highly suggestive of ARVC. These authors also emphasised the impor-
tance of identifying coexisting myocardial fibrosis in making the diagnosis. In 
a forensic autopsy study of 20 patients with ARVC who died suddenly, the fatty 
replacement involved the outer half of the RV free wall in 27%, the other 2/3 
in 28% and the entire wall thickness in 45% of the cases [9]. Interestingly, the 
endocardial muscular trabeculae are generally spared but may occasionally also 
be atrophied. The LV was involved in 40% of cases in this report, although other 
reports have the identified LV involvement in up to 76% of individuals with 
ARVC examined at necropsy. When the LV is involved, the fibrofatty replace-
ment can affect both the septum and LV free wall, either diffusely or, more often, 
regionally with a predilection for the posteroseptal and posterolateral areas. In 
the LV, fatty replacement of the myocardium has a predilection for the subepicar-
dial and midventricular wall [9].

Figure 2. 
Typical histologic features of ARVC/D. ongoing myocyte death (a) with early fibrosis and adipocytes 
infiltration (b) [6].
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6. Pathogenesis

ARVC was initially believed to be secondary to a developmental defect of the 
RV myocardium, leading to the original designation of “dysplasia”, similar to 
Uhl’s anomaly [1]. Nonetheless, this process differs from ARVC/D based on the 
fact that Uhl’s anomaly has not been documented to have a genetic basis, and it 
is not recognised as a desmosomal disease. In addition, myocardial atrophy is the 
consequence of cell death after birth and its progressive postnatal development has 
been definitely assessed. This concept has evolved over the last 30 years and based 
on its clinical characteristics, pathophysiology, postnatal development and genetic 
background, its inclusion in the World Health Organisation (WHO) classification 
of cardiomyopathies was finally achieved [1].

Several studies have been performed to determine the aetiology and pathogen-
esis of ARVC. However, there is still conflicting evidence. Different courses have 
been suggested as congenital defects, genetics and acquired factors [1]. In approxi-
mately 30–50% of cases it is transmitted with an autosomal dominant pattern of 
inheritance, with incomplete penetrance and variable expression [1].

Acquired factors have also been suggested as the cause of ARVC. The strongest 
association has been made with viral myocarditis inducing arrhythmogenic car-
diomyopathy due to histopathological similarity between the two of lymphocytic 
infiltrate with disappearance of myocytes and fibrofatty replacement [1].

How do the mutant junctional proteins result in a unique, predominantly right 
ventricular cardiac phenotype? Desmosomal proteins are widely expressed, so the 
focal nature of apparent pathology in both dominant and recessive ARVC led to 
initial speculation on the role of mechanical stresses. Impaired desmosome function 
under conditions of mechanical stress was proposed to predispose to cardiomyocyte 
detachment and death, with subsequent inflammatory reaction and fibrofatty 
replacement. However, consideration of the distribution of skin lesions in recessive 
variants infers that this mechanism alone is unlikely to be responsible. Several areas 
of the body subject to substantial physical stresses are not involved, while the hair 
follicles are uniformly affected. In addition, the prominent adipose replacement 
suggests not scarring and healing, but rather a more fundamental perturbation of 
primary tissue architecture [7].

Three different types of intercellular junction are distinguished at the cardiac 
intercalated disc: (a) adherens junctions, which anchor actin filaments; (b) des-
mosomes, which anchor intermediate filaments; and (c) gap junctions, which 
mediate ion transfer. Cardiac myocytes rely on these specialised structures for both 
mechanical and electrical coupling of the myocardial syncytium [7]. Desmosomes 
may protect other junctions from mechanical stress, but they also have been impli-
cated in the structural organisation of the intercalated disc. Desmosome dependent 
orchestration of local membrane and cytoplasmic domains may be critical for many 
of the physiologic functions of the intercalated disc. For example, the destabilisa-
tion of cell adhesion complexes may perturb the kinetics of gap junction turnover, 
resulting in heterogeneous conduction, a potential contributor to arrhythmogenesis 
in ARVC [7].

Desmosomes also participate in intercellular signalling networks, of which 
the Wnt/beta-catenin pathway is the most extensively studied. In the archetypal 
pathway the cytoplasmic concentration of beta-catenin is exquisitely regulated by 
multiple inputs, including secreted ligands of the Wnt family and recruitment of 
beta-catenin to intercellular junctional complexes. Cytoplasmic accumulation of 
beta-catenin leads to its nuclear translocation, association with the T-cell factor/
lymphoid enhancer factor (Tcf/Lef) family of transcription factors and subsequent 
changes in gene expression. This evolutionarily conserved pathway plays a central 
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role in many of the most fundamental cellular behaviours and has been directly 
implicated in the regulation of cell fate, proliferation, and apoptosis. Importantly, 
the various pathway components are duplicated in higher organisms, and specific 
isoforms may even be employed serially for discrete functions at different times and 
at different sites. In addition, superimposed on the basic structure of the Wnt/beta-
catenin signalling network are many subtle feedback loops and points of cross-talk 
that are only beginning to be uncovered [7].

Elegant immunohistochemical studies have shown that the mutant form of the 
plakoglobin protein fails to integrate into desmosomes and shifts from intercalated 
discs to site cytosol and nuclear pools, where it causes changes in nuclear signalling 
and the transcriptional activity, in particular through pathways regulated by the 
protein beta-catenin [2].

The fibrofatty tissue that replaces myocardium in ARVC is thought to contribute 
to the development of ventricular arrhythmias by slowing intraventricular conduc-
tion and acting as a substrate for arrhythmias through a scar related macroreentry 
mechanism, similar to that observed after myocardial infarction. Life-threatening 
ventricular arrhythmias in ARVC may also be the result of mechanisms operating at 
the molecular and cellular levels. Desmosomes, sodium channels, and gap junction 
proteins interact synergistically to regulate adhesion, excitability, and coupling of 
myocytes; this coordinated network of proteins located at the intercalated discs 
has been termed the “connexome” [2]. Loss of expression of desmosomal proteins 
may cause (or contribute to) potentially fatal arrhythmias by inducing gap junction 
remodelling, with reduction of total content and substantial redistribution of the 
gap-junction protein connexin 43, and decreasing the amplitude and kinetics of the 
sodium current [2].

The Brugada syndrome is a cardiac ion-channel disorder caused by a genetic 
deficiency in sodium channel function. There is some evidence that the Bruguda 
syndrome and ARVC may share clinical features and arrhythmic mechanisms as a 
result of their common origin from the connexome [2].

7. Clinical presentation

The onset occurs usually after childhood, with palpitations and/or syncope. The 
following clinical pictures have been observed [6]: 1. Subclinical face with con-
cealed structural abnormalities-the affected patient has no symptoms, and cardiac 
arrest may be the first and last manifestation of the disease. ARVC has been reported 
as one of the leading causes of sudden death in the young [6]. 2. Overt electrical 
disorder-with palpitations and syncope. The most typical clinical presentation of 
the disease is symptomatic ventricular arrhythmias of RV origin, usually triggered 
by effort. Arrhythmias range from isolated premature ventricular beat to sustained 
ventricular tachycardia (VT) with LBBB morphology up to ventricular fibrillation 
leading to cardiac arrest. The QRS morphology and axis during VT reflect its site 
of origin. A LBBB with inferior axis suggests an origin from the RV outflow tract 
(RVOT), while a LBBB with superior axis suggests an origin from the RV inferior 
wall. However, VTs with LBBB morphology are not specific for ARVC. Basal ECG 
may disclose inverted T waves in the right precordial leads (a T wave inverted beyond 
V1 after 14 years of age is almost pathognomonic of ARVC/D) (Figure 3) [6]. 
QRS enlargement of more than 110 ms and epsilon waves are strongly indicated of 
intraventricular impulse conduction delay. Signal average ECG may help to disclose 
fragmented low amplitude late potentials at the end of the QRS complex [6].

3. Heart failure- The progressive loss of the RV myocardium may impair the 
mechanical function of the RV and account for severe pump failure [6].  
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4. Biventricular failure- When the disease involves the ventricular septum 
and the LV, congestive heart failure occurs, mimicking dilated cardiomyopathy. 
Endocavitary mural thrombosis may occur, especially within aneurysms or in the 
atrial appendages when heart failure is complicated by atrial fibrillation, as to 
account for thromboembolism. In such conditions, contractile dysfunction may be 
so severe as to require cardiac transplantation. Clearly, when LV is affected ven-
tricular arrhythmias may appear polymorphic, originating from different cardiac 
regions. The occurrence of fatal outcome, mostly sudden death varies between 
0.1–3% per year in adults with diagnosed and treated ARVC, but it is unknown and 
may be higher in adolescents and young adults, in whom the disease is concealed 
and the first manifestation can be sudden death [6].

8. Diagnosis

To standardise the clinical diagnosis of ARVC, in 1994 an international task 
force proposed guidelines in the form of a qualitative scoring system with major 
and minor criteria [2]. In 2010, the task force revised the guidelines to improve 
diagnostic sensitivity, mostly for the clinical screening of family members, by 
providing quantitative criteria for diagnosing right ventricular abnormalities and 
adding molecular genetic criteria [1] (Table 1). However, the diagnosis remains 
problematic because of the low specificity of electrocardiographic abnormalities, 
multiple causes of right ventricular arrhythmias, difficulties in the use of imaging to 
assess right ventricular structure and function, and the sometimes puzzling results 
of genetic testing.

The diagnosis is particularly challenging in children, because clinical manifesta-
tions of earlier ARVC are subtle [2]. Cardiac Magnetic Resonance Imaging (MRI) 
is an attractive imaging toolBecause it is non-invasive and has the ability to charac-
terise tissue by distinguishing fat from muscle [6] (Figure 4) and has proved to be 
more sensitive than electrocardiography for detecting early ventricular dilatation 
and dysfunction in children [2].

Figure 3. 
A 17 year old asymptomatic male athlete who died suddenly during a soccer game. 12 lead ECG showing 
inverted T waves up to V4 (a) and isolated premature ventricular beats (b). In vitro MRI (c) and 
corresponding cross section of the heart (d) show RV dilatation with anterior and posterior aneurysms [6].
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I. Global or regional dysfunction/structural alterations

Major 2D TTE

Regional RV akinesia, dyskinesia or aneurysm

and 1 of the following criteria (end diastole):

• PLAX RVOT ≥32 mm (PLAX/BSA] ≥19 mm/m2)

• PSAX RVOT ≥36 mm (PSAX/BSA] ≥21 mm/m2)

or RV fractional area change ≤33 %

CMR

Regional RV akinesia, dyskinesia, or dyssynchronous RV 
contraction

and 1 of the following criteria (end diastole):

• RV end-diastolic volume /BSA ≥110 mL/m2 (male) or 
≥100 mL/m2 (female)

or RV ejection fraction ≤40 %

RV Angiography

Regional RV akinesia, dyskinesia or aneurysm

Minor 2D TTE

Regional RV akinesia, or dyskinesia

and 1 of the following criteria (end diastole):

• PLAX RVOT ≥29–31 mm ([PLAX/BSA] ≥16–18 mm/m2)

• PSAX RVOT ≥32–35 mm ([PSAX/BSA] ≥18–20 mm/m2)

• RV fractional area change >33–39 %

CMR

Regional RV akinesia, dyskinesia or dyssynchronous RV 
contraction

and 1 of the following criteria (end diastolic):

• RV end-diastolic volume/BSA ≥100–109 mL/'m2 (male) 
or ≥90–99 mL/m2 (female)

or RV ejection fraction >40–44 %

II. Histopathology (endomyocardial biopsy)

Major Residual myocytes <60 % by morphometric analysis (or <50 
% if estimated), with fibrous replacement of the RV free 
wall myocardium

≥1 sample, with or without fatty replacement

Minor Residual myocytes 60–75 % by morphometric analysis (or 
50–65 % if estimated), with fibrous replacement of the RV 
free wall

≥1 sample, with or without fatty replacement

III. Repolarisation abnormalities (14 years of age)

Major T-wave inversions V1–3 or beyond (in absence of complete 
RBBB)

Minor T-wave inversions V1–2 or V4–6 (in absence of complete 
RBBB)

T-wave inversions VI–4, if complete RBBB present
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Figure 4. 
MRI in a patient affected by ARVC/D (long axis view of the right ventricle): Note the transmural diffuse bright 
signal in the RV free wall on spin echo T1 (a) due to massive myocardial atrophy with fatty replacement (b) [6].

IV. Depolarisation abnormalities

Major ε wave (reproducible low-amplitude signals between end of 
QRS complex to onset of the T wave) in V1–3

Minor Signal-averaged ECG with late potentials (if QRS on 
standard surface ECG <110 ms)

V. Arrhythmias

Major Non-sustained or sustained ventricular tachycardia (VT) of 
LBBB morphology with superior axis

Minor Non-sustained or sustained VT of RVOT configuration, 
LBBB morphology with inferior axis or of unknown axis

>500 VES per 24 h (Holter)

VI. Family history

Major ARVC/D in a first-degree relative who meets current Task 
Force Criteria

ARVC/D confirmed pathologically at autopsy or surgery in a 
first-degree relative

Identification of a pathogenic mutation categorised as 
associated with ARVC/D in index patient

Minor Suspected ARVC/D in a first-degree relative (current Task 
Force criteria can not be determined)

Premature SCD (<35 years of age) due to suspected ARVC/D 
in a first-degree relative

ARVC/D confirmed pathologically or by current Task Force 
Criteria in second-degree relatives

Definite diagnosis: two major or one major and two minor criteria or four minor from different categories; 
Borderline diagnosis: one major and one minor or three minor criteria from different categories; Possible diagnosis: 
one major or two minor criteria from different categories BSA - body surface area; CMR - cardiac magnetic 
resonance tomography; ECG - electrocardiogram; LV - left ventricle; PLAX - parasternal long-axis view; PSAX -  
parasternal short-axis view; RBBB - right bundle branch block; RVOT - RV outflow tract;
RV - right ventricle; TTE - transthoracic echocardiogram; VES - ventricular extrasystole; VT - ventricular 
tachycardia.102

Table 1. 
Revised 2010 task force criteria for diagnosis of ARVC/D [1].



231

Arrhythmogenic Right Ventricular Cardiomyopathy
DOI: http://dx.doi.org/10.5772/intechopen.96855

Conditions that may be difficult to differentiate from ARVC include idiopathic 
right ventricular outflow-tract tachycardia, cardiac sarcoidosis, and continental 
heart disease leading to right ventricular volume overload. Biventricular variants of 
the disease with severe left ventricular involvement may be indistinguishable from 
dilated cardiomyopathy. The difficult differential diagnosis, together with referral 
bias, may account for the discrepancies in the reported incidence of heart failure in 
patients with ARVC [2].

9. Risk stratification

The clinical course of ARVC is characterised by the occurrence of arrhyth-
mic events, which can cause SCD, and the impairment of biventricular systolic 
function, which can lead to death from heart failure. The estimated overall 
mortality varies among studies, ranging from 0.08–3.6% per year [2]. The 
mortality was initially overestimated because it was based on studies at tertiary 
referral centres which predominantly included high-risk patients. Recent stud-
ies of community-based patient cohorts have shown that the long-term outcome 
for treated index patients and family members is favourable- annual  
mortality <1% [2].

The prognosis for patients with ARVC depends largely on the severity of 
arrhythmias and ventricular dysfunction. Prior cardiac arrest due to ventricular 
fibrillation and sustained VT are the most important predictors of life-threatening 
arrhythmic events during follow-up. Major risk factors include unexplained syn-
cope, non-sustained VT on ambulatory monitoring or exercise testing, and severe 
systolic dysfunction of the RV, LV or both.

Although intracardiac electrophysiological testing has traditionally been used to 
assess the risk of ventricular arrhythmias, the prognostic value of VT or ventricu-
lar fibrillation induced by programmed ventricular stimulation in patients with 
asymptomatic ARVC remains unclear [2].

10. Management

The aims of clinical management of ARVC are to reduce the risk of sudden 
cardiac death and improve the quality of life by alleviating arrhythmic and heart 
failure symptoms. Restriction from intense sports activity (physical exercise may 
aggravate mechanical uncoupling of myocytes) is regarded as an important preven-
tive tool for both healthy gene carriers and clinically affected persons in order to 
protect them from the risk of exercise-related malignant arrhythmic events and 
disease development or progression. The available evidence indicates that family 
members with a negative phenotype (either healthy gene carriers or those with an 
unknown genotype) do not need any specific treatment other than sports restric-
tion; however, lifelong clinical assessment with the use of non-invasive tests at least 
every 2 years is warranted because of the age-related penetrance and progressive 
nature of ARVC [2].

Despite limited supportive data, beta-blockers are currently recommended for 
all clinically affected persons, for both prevention of arrhythmias and reduction of 
right ventricular wall stress. In patients with ventricular arrhythmias, antiarrhyth-
mic drugs therapy offers the potential to ameliorate symptoms, although there is no 
proof that it confers protection against sudden cardiac death. Amiodarone, alone or 
in association with beta-blockers, and sotalol are the most effective drugs, combin-
ing the synergistic effects of class III antiarrhythmic properties and beta adrenergic 
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blockade. The potential for serious cumulative toxic effects precludes long-term 
therapy with amiodarone, especially in younger patients [2].

Catheter ablation is a therapeutic option for patients who have episodes of 
sustained, monomorphic ventricular tachycardia. However, it should be regarded 
as a palliative rather than curative therapeutic approach because of the high 
frequency of subsequent recurrences of ventricular tachycardia and the unproven 
efficacy of ablation as a means of preventing sudden cardiac death. The poor 
long-term outcome has been attributed to the progressive nature of ARVC, which 
leads to the development of multiple arrhythmogenic foci over time. The epi-
cardial location of some ventricular tachycardia reentry circuits, which reflects 
the propensity of ARVC lesions to originate and progress from the epicardium, 
may also explain the failure of conventional endocardial mapping and catheter 
ablation. Several studies have shown the feasibility and efficacy of epicardial 
catheter ablation for patients in whom one or more endocardial procedures have 
been unsuccessful [2].

Since surgical isolation of RV free wall (a therapeutic approach previously) 
risks postoperative RV failure, this procedure has been replaced by Implantable 
cardioverter-defibrillator (ICD) placement [1]. Although randomised trials of 
defibrillator therapy have not been performed, data from observational stud-
ies have consistently shown that it is effective and safe. Patients who benefit 
most from defibrillators (ICD) are those who have had an episode of ventricular 
fibrillation or sustained ventricular tachycardia. It remains uncertain whether 
defibrillator therapy is appropriate for primary prevention of sudden cardiac 
death among patients with one or more risk factors and no prior major arrhyth-
mic events [2].

In asymptomatic patients with no risk factors and in healthy gene carriers, there 
is generally no indication for prophylactic defibrillator implantation because of 
the low risk of arrhythmias and the significant risk of device and electrode-related 
complications during long-term follow-up [2]. It has become apparent that defibril-
lators may be inappropriately implanted in patients with a false diagnosis of ARVC 
based on misinterpretation of cardiac MRI studies [2].

Patients in whom right or left heart failure develops are treated with a standard 
pharmacologic therapy, including angiotensin-converting enzyme inhibitors, 
angiotensin II receptor blockers, beta-blockers, and diuretics. Therapy with oral 
anticoagulants is reserved for patients with atrial fibrillation or thromboembolic 
complications. Cardiac transplantation is the ultimate therapy for patients with 
untreatable arrhythmias (e.g. incessant storms of ventricular tachycardia or fibril-
lation) or congestive heart failure that is refractory to pharmacologic and nonphar-
macologic therapies [2].

In patients with late complications of the disease, who develop heart failure 
symptoms or life-threatening and untreatable VT, heart transplantation could be an 
option with good short and long-term survival. Heart transplantation is essentially 
the final therapeutic option for these patients [1].

Current therapeutic approaches to ARVC are palliative and partially alleviate 
symptoms and the risk of sudden cardiac death but do not prevent the development 
or progression of the disease process. A definitive curative treatment will require a 
deeper knowledge of the biologic mechanisms and environmental factors involved 
in the pathogenesis of ARVC. A recent observation concerns a small molecule desig-
nated SB216763, which is an activator of the Wnt signalling pathway. This molecule 
has been shown to prevent or reverse phenotypic manifestations of ARVC induced 
by overexpression of defective plakoglobin in a zebrafish model, as well as in rat 
cardiac myocytes. Although this drug is of interest as a potential mechanism-based 
therapy of ARVC, it has not yet been studied in humans [2].
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11. Conclusion

ARVC is a progressive disease with life-threatening complications, which 
constitute a clinical diagnostic challenge for physicians, given the different geno-
type and phenotypic variations and the wide ranges of clinical manifestations. 
The main challenges to improve the risk stratification for better identification of 
high risk patients of SCD and heart failure, most benefit from early intervention 
with lifestyle changes, restriction of physical activity, antiarrhythmic drugs, ICD 
placement, new ablation approaches with simultaneous endocardial and epicardial 
ablation and, if necessary, heart transplantation. These interventions are available 
and life saving, with the potential to change the natural history of the disease by 
offering a good quality and better life expectancy [1].
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ARVC Arrhythmogenic right ventricular cardiomyopathy
ARVC/D Arrhythmogenic right ventricular cardiomyopathy/dysplasia
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LBBB Left bundle branch block
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PKP2 Plakophilin 2
RV Right ventricle
RVOT Right ventricle outflow tract
SCD Sudden cardiac death
TGF Transforming growth factor
VT Ventricular tachycardia
WHO World Health Organisation

ARVC at a quick glance

• Arrythmogenic right ventricular cardiomyopathy (ARVC) is a genetic form of cardiomyopathy causing 
fibro-fatty replacement of the myocardium.

• Transmission is usually autosomal dominant, with a male to female preponderance.

• The desmoplakin gene (DSP), the first desmosomal protein gene to be associated with a major form of 
the disease.

• ARVC is a myocyte adhesion disorder.

• ARVC is currently the second most common cause of SCD in the young population.

• Pathophysiology includes myocardial atrophy, fibrofatty replacement, and chamber dilatation.

• ARVC presents a diagnostic challenge- 2010 revised task force criteria for ARVC, ECG, echocardiogram, 
cardiac MRI, myocardial biopsy, family screening and risk stratification being the cornerstones.

• Therapeutic options are based on preventing life-threatening arrhythmia– both primary and secondary 
prevention – starting from ICD and radiofrequency ablation to heart transplantation in patients with late 
complications.
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Chapter 11

Hypertrophic Cardiomyopathy: 
Genetics, Pathogenesis, Diagnosis, 
Clinical Course and Therapy
Davide Lazzeroni and Claudio Stefano Centorbi

Abstract

Hypertrophic cardiomyopathy (HCM) is a genetic disorder of cardiac myocytes 
that is characterized by cardiac hypertrophy, unexplained by the loading condi-
tions, a non-dilated left ventricle and a normal or increased left ventricular ejection 
fraction (LV-EF). Prevalence of HCM has been estimated at 0.16% to 0.29%  
(≈ 1:625–1:344 individuals) in the general adult population. HCM represents the 
most common genetic heart disease and represent an archetypical single gene 
disorder with an autosomal dominant pattern of inheritance and historically termed 
a “disease of the sarcomere”. The precise mechanisms by which sarcomere variants 
result in the clinical phenotype have not been fully understood. Mutant sarcomere 
genes trigger several myocardial changes, leading to hypertrophy and fibrosis, 
which ultimately result in a small, stiff ventricle with impaired systolic and diastolic 
performance despite a preserved LV-EF. The most common differential diagnosis 
challenges in the presence of hypertrophic heart disease are represented by: ath-
lete’s heart, hypertensive heart and other cardiomyopathies mimicking HCM. A 
multimodality approach using ECG, echocardiography, CMR, cardiac computed 
tomography (CCT) and cardiac nuclear imaging provides unique information 
about diagnosis, staging and clinical profiles, anatomical and functional assess-
ment, metabolic evaluation, monitoring of treatment, follow-up, prognosis and 
risk stratification, as well as preclinical screening and differential diagnosis. HCM 
may be associated with a normal life expectancy and a very stable clinical course. 
However, about a third of patients develop heart failure (HF); in addition, 5–15% 
of cases show progression to either the restrictive or the dilated hypokinetic evolu-
tion of HCM, both of which may require evaluation for cardiac transplantation. 
The clinical course of HCM has been classified into four clinical stages: non-
hypertrophic, classic, adverse remodeling and overt dysfunction phenotype. No 
evidence-based treatments are available for non-hypertrophic HCM patients (pre-
hypertrophic stage), on the other hand in classic HCM, adverse remodeling and 
overt dysfunction phenotype, pharmacological or interventional strategies have the 
target to improve functional capacity, reduce symptoms, prevent disease progres-
sion. Therapeutic approach mainly differs on the basis of the presence or absence 
of significant obstructive HCM. Adult patients with HCM report an annual inci-
dence for cardiovascular death of 1–2%, with sudden cardiac death (SCD), HF and 
thromboembolism being the main causes of death; the most commonly recorded 
fatal arrhythmic event is spontaneous ventricular fibrillation. For this reason, SCD 
risk estimation is an integral part of clinical management of HCM. International 
guidelines suggest the evaluation of several risk factor for SCD based on personal 
and family history, non-invasive testing including echocardiography, ambulatory 
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electrocardiographic 24 hours monitoring and CMR imaging in order to identity 
those patients most likely to benefit implantable cardioverter-defibrillator (ICD) 
implantation. The present chapter summarize genetics, pathogenesis, diagnosis, 
clinical course and therapy of HCM as well as novel therapeutic options.

Keywords: hypertrophic cardiomyopathy, left ventricular hypertrophy, genetics, 
sudden cardiac death, heart failure, echocardiography, cardiac magnetic resonance, 
athlete’s heart, hypertrophic phenocopies

1. Introduction

1.1 Definition and epidemiology

Cardiomyopathies are defined by structural and functional abnormalities of 
the ventricular myocardium that are unexplained by flow-limiting coronary artery 
disease or abnormal loading conditions [1]. Historically, cardiomyopathies has been 
subdivided into primary disease, in which the heart is the only involved organ, and 
secondary forms where the cardiomyopathy is a manifestation of a systemic disorder. 
Hypertrophic cardiomyopathy (HCM) is a genetic disorder of cardiac myocytes that is 
characterized by cardiac hypertrophy, unexplained by the loading conditions, a non-
dilated left ventricle (LV) and a normal or increased left ventricular ejection fraction 
(LV-EF) [2]. HCM is a disorder without a distinct geographic, ethnic or gender 
 pattern of distribution. Prevalence of HCM has been estimated at 0.16% to 0.29%  
(≈ 1:625–1:344 individuals) in the general adult population [2–5]. HCM is character-
ized by highly variable genotype–phenotype relationship with intra- and inter-family 
expressivity and incomplete penetrance. Given the age-dependent expression of HCM 
mutations, its prevalence is expected to be higher in older subjects; in fact, HCM has 
been reported in 0.29% (1:333) of 60-year-old individuals undergoing echocardiog-
raphy for cardiovascular evaluation. [2–5]. Moreover, a much higher estimate of 0.6% 
(1:167) has been suggested using more sensitive imaging methods, when family mem-
bers are evaluated and when genetic testing is more widely used [6–8]. On the other 
hand, in children cardiac hypertrophy could result from the phenocopy conditions, 
which might account for 5% to 10% of the clinically diagnosed HCM cases [9–11].

2. Genetics

HCM represents the most common genetic heart disease reported in popula-
tions globally. HCM is an archetypical single gene disorder with an autosomal 
dominant pattern of inheritance, whereby a single mutation is usually sufficient to 
cause the disease, albeit with variable penetrance and expression [12]. Autosomal 
recessive and X-linked modes of inheritance have been described but are rare 
[13, 14]. Approximately 60% of patients with HCM have a clearly recognizable 
familial disease. On the other hand, despite the great advances of the research in 
the field of genetics in cardiomyopathies, to date about 40% of HCM shows nega-
tive genetic testing or variants of non-certain significance. These data suggest that 
even non-genetic factors could contribute to the development of HCM. Moreover, 
a substantial proportion of patients with HCM are currently without any evidence 
of a genetic etiology to their disease, including a subgroup who also have no other 
affected family members (named “non-familial” HCM) [15]. For these reasons, the 
absence of an identified causative mutation should not allow to exclude a diagnosis 
in the presence of diagnostic criteria for HCM. Historically, HCM was termed a 
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“disease of the sarcomere” when the first three disease genes encoding components 
of the contractile apparatus of heart muscle were identified [16]. However, a wide 
variety of non-sarcomeric genes has been associated with HCM, thus suggesting 
that LV hypertrophy in HCM may not be a consequence of exclusive sarcomeric 
mutations. Among the known causal genes (Figure 1), thick myofilaments proteins 
such as MYH7 and MYBPC3 (myosin- binding protein C) are the 2 most common, 
together being responsible for approximately half of the patients with familial 
HCM [17–20]. On the other hand, mutations in thin myofilament proteins such 
as TNNT2, TNNI3 (cardiac troponin I) and TPM1 (α-tropomyosin) are relatively 
uncommon causes of HCM and together are responsible for less than 10% of cases 
[19–22]. Mutations in ACTC1 (cardiac α-actin), MYL2 (myosin light chain 2), 
MYL3 (myosin light chain 3), and CSRP3 (cysteine and glycine-rich protein 3) are 
also established, albeit uncommon, causes of HCM [23–25]. Moreover, mutations 
in TTN (titin), TCAP (telethonin), MYOZ2 (myozenin 2), TRIM63 (ubiquitin 
E3 ligase tripartite motif protein 63 or MuRF1), and FHL1 (four-and-a-half 
LIM domains 1) also have been implicated as causes of HCM but occur typically 
in sporadic cases and small families [26–33]. On the other hand, mutations in 
TNNC1 (cardiac troponin C), MYH6 (myosin heavy chain or α-myosin heavy 
chain), PLN (phospholamban), CAV3 (caveolin3), ALPK3 (α kinase 3), and JPH2 
(junctophilin-2) have also been reported in patients with HCM [34–39] but their 
causal role in HCM is less certain and has not been established unambiguously. An 
X-linked inheritance typically raises the possibility of a phenocopy condition, such 
as Fabry disease [40]. A phenocopy condition also occurs in syndromic diseases, 
such as the Noonan syndrome and in storage diseases, such as Anderson–Fabry 
disease. [41, 42]. Finally, a subset of HCM patients (≈5%) exhibits 2 (digenic) 
or more (oligogenic) causal mutations in the same gene or causal mutations in 
different genes [20, 43–51] and the severity of LV hypertrophy in subjects with 

Figure 1. 
HCM genetics and pathogenetic mechanisms. Center part: A schematic structure of a sarcomere composed of 
thick and thin filaments and Z discs is showed along with its protein constituents. Established causal genes for 
HCM and their relative population frequencies are listed. Panel A-D: HCM pathogenetic pathways (not be 
considered in isolation since they can act in concert). Panel a: Biomechanical stress sensing pathway. Panel B: 
Calcium cycling and sensitivity pathway. Panel C: Energy homeostasis pathway. Panel D: Fibrotic pathway. 
Abbreviations: LTCC, voltage-dependent L-type calcium channel; PLB, cardiac phospholamban; RyR2, 
ryanodine receptor 2; SERCA2, sarcoplasmic/endoplasmic reticulum calcium ATPase 2; SR, sarcoplasmic 
reticulum; TGF-β, transforming growth factor β; MITO, mitochondria.
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such mutations seems to be more pronounced [44–48]. The majority of the causal 
mutations in HCM are missense mutations which may alter protein structure and 
function by changing the amino acid composition of the encoding protein. The 
insertion/deletion mutations induce a frameshift in the encoded protein. Likewise, 
the premature truncated proteins are subsequently degraded by the ubiquitin 
proteasome system, leading to haplo-insufficiency [19, 20, 52]. The missing causal 
gene in HCM might be in part because of the difficulty in ascertaining the causal-
ity of the genetic variants, in an unambiguous manner, in the sporadic cases and 
small families [53]. In general, genetic variants exert highly variable biological 
consequences, ranging from large and causal to clinically negligible [54–56]. The 
demonstration of an association between a candidate gene and the HCM phenotype 
in a discovery population is considered provisional (ie, hypothesis-generating) and 
requires testing for replication in an independent population.

3. Pathogenesis

The precise mechanisms by which sarcomere variants result in the clinical 
phenotype have not been fully understood. Mutant sarcomere genes trigger several 
myocardial changes, leading to hypertrophy and fibrosis, which ultimately result 
in a small, stiff ventricle with impaired systolic and diastolic performance despite 
a preserved LV-EF [57]. On the other hand, abnormal sarcomeric proteins may not 
be solely responsible for all of the clinical characteristics observed in patients with 
HCM. Diverse disease features including abnormal intramural coronary arteries, 
responsible for small vessel ischemia, elongated mitral valve leaflets, as well as 
congenital anomalies of the sub-mitral valve apparatus, appear to have no known 
direct association with sarcomere mutations. From a metabolic viewpoint, muta-
tions in sarcomeric proteins generally increase myofilament activation and result 
in myocyte hypercontractility and excessive energy use [58] due to higher (dispro-
portionate) mitochondrial activity (Figure 1). Mitochondrial impairments in the 
cardiac energy-sensing apparatus (e.g., AMP-activated protein kinase [AMPK]) as 
well as alterations in calcium handling result in a stimulation of signaling pathways 
(e.g., the Janus-associated kinase–signal transducers and activators of transcription 
[JAK–STAT] signaling pathway) that contribute to myocyte relaxation abnormali-
ties and growth, with aberrant tissue architecture abnormalities such as myofibril-
lar disarray and myocardial fibrosis [59–62].

4. Diagnosis

4.1 Diagnostic criteria

In 2014 ESC Guidelines, HCM is defined by a wall thickness ≥ 15 mm in one or 
more LV myocardial segments - as measured by any imaging technique (echocar-
diography, cardiac magnetic resonance imaging (CMR) or computed tomography 
(CT) - that is not explained solely by loading conditions, thereby including both 
sarcomeric and non-sarcomeric mutations, such as other genetic disorders (inher-
ited metabolic and neuromuscular diseases, chromosome abnormalities) genetic 
syndromes and non-genetic disorders (e.g. senile-TTR and AL amyloidosis) [2]. 
On the other hand, in 2020 AHA Guidelines, HCM is defined as a disease state in 
which morphologic expression is confined solely to the heart and characterized 
predominantly by LVH (wall thickness ≥ 15 mm) in the absence of another cardiac, 
systemic, or metabolic disease capable of producing the magnitude of hypertrophy 
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evident in a given patient and for which a disease-causing sarcomere (or sarcomere-
related) variant is identified, or genetic etiology remains unresolved [57].

Genetic and non-genetic disorders can present with lesser degrees of wall 
thickening (13–14 mm). In these cases, the diagnosis of HCM requires evaluation of 
other features including family history, non-cardiac symptoms and signs, elec-
trocardiogram (ECG) abnormalities, laboratory tests and multi-modality cardiac 
imaging [2]. More limited LVH can be diagnostic in family members of HCM 
patients or with a positive genetic test [57]. Children, as in adults, the diagnosis of 
HCM requires an LV wall thickness more than two standard deviations greater than 
the predicted mean (z-score: defined as the number of standard deviations from the 
population mean) [63]. In first-degree relatives of HCM patients with unequivo-
cal disease (LVH ≥15 mm) the diagnosis is based on the presence of otherwise 
unexplained increased LV wall thickness ≥ 13 mm in one or more LV myocardial 
segments, as measured using any cardiac imaging technique [echocardiography, 
cardiac magnetic resonance (CMR) or CT].

4.2 Differential diagnosis: “from athlete’s heart to HCM phenocopies”

The most common differential diagnosis challenges in the presence of hypertro-
phic heart disease are represented by: athlete’s heart, hypertensive heart and other 
cardiomyopathies mimicking HCM.

4.2.1 Athlete’s heart

HCM is the most common cause of sudden cardiac death (SCD) among athletes 
[64]. Systematic and endurance training can lead to physiologic LV hypertrophy 
thereby mimicking mild forms of HCM [64]. Distinguishing between these two 
forms represents an important diagnostic dilemma during athlete cardiac evalu-
ation, thus a combination of anamnestical, clinical and instrumental data is 
crucial to distinguish the physiological hypertrophy seen in athlete’s heart from 
the pathological one seen in HCM. A positive family history of SCD represent an 
important factor that may point towards a genetic cardiomyopathy; similarly, ECG 
abnormalities such as ST depression, T wave inversion, abnormal Q waves or QRS 
axis increase the likelihood of HCM. On the other hand, isolated positive ECG 
criteria for hypertrophy are not enough to suspect HCM in the athlete [64]. Even in 
the presence of septal thickness values suspected   for mild form of HCM (ranging 
form 14–16 mm), in the athlete’s heart echocardiogram generally presents several 
characteristics that are uncommon in HCM such as: normal or dilated LV volumes 
or normal systolic and diastolic function evaluated both with traditional methods 
(M-Mode or 2D) and with tissue Doppler or strain echocardiography. Moreover, a 
reduction in LV wall thickness after a period of deconditioning points to physiologi-
cal hypertrophy [65]. In some cases, further investigations such as exercise testing 
(arrhythmias or abnormal blood pressure response), 24 hours ECG monitoring 
(arrhythmias), CMR (fibrosis) or genetic testing (causative mutations) are needed 
to define the presence of HCM. Table 1 summarizes the clinical-instrumental 
aspects most useful in the differential diagnosis between HCM and athlete’s heart.

4.2.2 Hypertensive heart

Left ventricular hypertrophy secondary to arterial hypertension can be difficult 
to distinguish from mild forms of non-obstructive HCM caused by sarcomeric 
mutations; moreover an overlap between primary and secondary LV hypertrophy 
could be present in up to 25% of adult HCM patients with arterial hypertension [66]. 
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Detailed arterial hypertension history and arterial blood pressure assessment as well 
as clinical evaluation of relatives may be crucial in distinguishing between hyper-
tensive heart and HCM. Moreover, a multimodality imaging approach is crucial in 
the differential diagnosis of HCM in hypertensive patients. Echocardiographic tissue 
doppler shows more impairment of diastolic function as well as lower early diastolic 
velocities in HCM [67, 68]. Similarly, two-dimensional (2D) strain echocardiography 
in HCM reveals a mid and apical short axis segments reduced radial strain as well as 
a reduced longitudinal strain in HCM with sarcomeric mutations [67, 68]. Moreover, 
myocardial fibrosis in CMR imaging as well as natriuretic peptides and troponin 
levels tend to be higher in HCM than in hypertensive heart [69].

4.2.3 HCM phenocopies

Significant advances and widespread availability of genetic testing at the same 
time have improved detection of the sarcomeric mutations that cause HCM but 
have also highlighted the significance of inborn errors of metabolism or metabolic 
storage disorders that can mimic HCM, named “HCM phenocopies” [70]. Five to 
ten percent of adult cases of HCM are caused by other genetic disorders including 
inherited metabolic and neuromuscular diseases, chromosome abnormalities, 
genetic syndromes as well as non-genetic disorders (e.g. TTR or AL amyloidosis) 
[71–74]. Whilst HCM phenocopies are relatively rare, it is crucial to distinguish 
these conditions at an early stage as their natural history, management, therapy and 
prognosis vary significantly from that of HCM with sarcomeric mutations. Table 1 
illustrates the salient features (red flags) of HCM phenocopies.

4.3 Multimodality imaging in HCM

Imaging techniques play an essential role in the evaluation of patients with HCM. 
A multimodality approach using ECG, echocardiography, CMR, cardiac computed 
tomography (CCT) and cardiac nuclear imaging provides unique information about 
diagnosis, staging and clinical profiles, anatomical and functional assessment, 
metabolic evaluation, monitoring of treatment, follow-up, prognosis and risk 
stratification, as well as preclinical screening and differential diagnosis (Figure 2).

ECG: is recommended at the first clinic visit in all individuals with known or 
suspected HCM and should be repeated whenever there is a change in symptoms 
in patients with an established diagnosis. It can be normal at presentation but 
generally shows a variable combination of LV hypertrohy (LVH), ST- and T-wave 
abnormalities and pathological Q-wave; ECG abnormalities that could mimicks 
other conditions, such as myocardial ischaemia or infarction, when interpreted 
together with echocardiography and CMR imaging findings, can suggest an under-
lying diagnosis or provide clues to the distribution of LVH and myocardial scar [75]. 
Moreover, since ECG abnormalities generally precede the development of LVH, 
periodic clinical and instrumental evaluations as well as family screening are useful 
even in the absence of conclusive diagnostic criteria. The frequency of arrhythmias 
detected during ambulatory electrocardiographic monitoring is age-related; asymp-
tomatic non-sustained ventricular tachycardia (NSVT) occurs in 25% of adults with 
HCM and for this reason a 24 or 48 hour Holter ECG represents a primary test for 
estimate the risk of SCD [2, 76–77].

Echocardiography: is the central imaging technique to the diagnosis and 
monitoring of HCM, given that identifies and quantify LVH that generally is 
asymmetric and involving the interventricular septum in the basal LV segments 
but often extends into the lateral wall, the posterior septum and LV apex [78]. In 
fact, increased ventricular wall thickness can be potentially found at any location. 
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Moreover, echocardiography estimates systolic and diastolic function, the presence 
of left ventricular outflow tract (LVOT) obstruction at rest and/or under provoca-
tive maneuvers such as Valsalva or standing, midventricular obstruction, mitral 

Figure 2. 
HCM: Inheritance and multimodality imaging. Panel A shows an HCM family pedigree with a MYH7+ 
mutation (autosomal dominant inheritance). The father and two of his children had HCM, another child was 
unaffected and was excluded from further clinical testing, and one child had a pathogenic mutation without 
LV hypertrophy. Black symbols denote affected family members, white symbols unaffected family members, 
squares male family members, and circles female family members; the arrow indicates the proband. The 
numbers under the symbols indicate age (in years) at the time of testing. Panel B shows ECG abnormalities 
in HCM characterized by: Short PR-interval, high QRS voltage, ST depression followed by diffuse giant T 
wave inversion. Panel C: HCM with extreme asymmetrical septal hypertrophy (45 mm – Echocardiography). 
Panel D: Apical HCM (echocardiography). Panel E shows HOCM with significant left ventricular outflow-
tract obstruction (74 mmHg peak gradient at echocardiography). Panel F shows a triphasic doppler inflow 
velocities with restrictive pattern in addition to L wave (arrow) in HCM patients with thin myofilament 
associated mutation (upper side). Tissue Doppler showing severe diastolic dysfunction characterized by low e’ 
(arrow) velocities (lower side). Panel G: Severe (24 mm) septal asymmetrical hypertrophy (arrow) in HCM 
(echocardiography). Panel H: Severe septal asymmetrical hypertrophy (arrow) in HCM (cardiac magnetic 
resonance). Panel I: HCM with fibrosis (cardiac magnetic resonance – LGE - arrow) at RV insertion points 
and intramural in the intraventricular septum. Panel L: HCM with diffuse and marked intramyocardial 
fibrosis (cardiac magnetic resonance – LGE - arrow) (Figure 3).
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valve abnormalities (mitral SAM, leaflets elongation with excessive tissue, dysplasia 
and prolapse, chordal elongation, laxity and hypermobility), atrial enlargement, 
or apical aneurysm [79]. Stress echocardiography can be used to detect myocardial 
ischemia, significant misunderstood LVOT obstruction, symptoms and blood pres-
sure response to exercise [80].

Cardiovascular magnetic resonance (CMR) imaging: provides detailed 
information on cardiac morphology, ventricular function and myocardial tissue 
characteristics [81]. CMR estimate left ventricle volumes, mass, ejection fraction 
as well as quantification, location, type and distribution of LVH but especially the 
visualization and quantification of myocardial fibrosis (LGE) [80].

In detection of myocardial ischaemia CCT is useful to evaluate the presence of 
epicardial coronary artery disease (CAD) in patients with HCM.

Single photon emission computed tomography/position emition tomography 
(SPECT/PET) myocardial perfusion imaging (using Thallium-201 and Tc-99 m 
labeled tracers) is useful to evaluate the presence of coronary microvascular 
dysfuntion showing reversible and fixed defects, thereby suggesting ischaemia and 
scar, with or without epicardial CAD detecting [82]. The assessment of myocardial 
metabolism can be performed through PET with F-18-fluorodeoxyglucose (FDG) 
or C-11-acetate, since an impairment in oxidative and glucose metabolism, mainly 
in the hypertrophic myocardium, has been found in HCM [83]. PET imaging has 
also been used to assess cardiac autonomic dysfunction, given that increased local 
catecholamine levels due to impaired neurotransmitter re-uptake into the cardiac 
nerve terminals, leading to decreased myocardial beta-adrenoceptor density, has 
been found in HCM [84].

Cardiopulmonary exercise testing (CPET): provides objective information 
about the severity of functional limitation, mechanisms responsible for symptoms 
during effort and plays a central role for cardiac transplantation indication [85]. 
CPET may be helpful in differentiating HCM from physiological ventricular hyper-
trophy since maximal oxygen consumption is normal or supra-normal in athlete’s 
heart and reduced in HCM. Moreover, CPET or conventional treadmill- or bicycle 
ergometry may be used in several contests: initial clinical evaluation, change in 
symptoms, LVOT gradient evaluation during effort, blood pressure response during 
exercise, detecting signs of myocardial ischemia caused by epicardial CAD and/or 
microvascular dysfunction [86–90].

5. Clinical course and disease stanging

HCM may be associated with a normal life expectancy and a very stable clinical 
course. However, about a third of patients develop heart failure (HF); in addition, 
5–15% of cases show progression to either the restrictive or the dilated hypokinetic 
evolution of HCM, both of which may require evaluation for cardiac transplanta-
tion [91, 92]. The clinical course of HCM has been masterfully classified by Olivotto 
et al. into four clinical stages: non-hypertrophic, classic, adverse remodeling and 
overt dysfunction phenotype [93] (Figure 3).

Non-hypertrophic HCM: is characterized by the absence of LVH in individuals 
with HCM-causing mutations identification during systematic family screenings. 
This stage of the disease is more frequent in newborn or very young children, while 
LVH tends to manifest during the second decade of life. However, due to incomplete 
penetrance and age-related onset, genotype-positive individuals can develop LVH 
as late as the 6th or 7th decade, and a significant minority seem to never develop 
the disease at all [94–96]. ECG, in this contest, is a fundamental tool to identify 
these patients since abnormalities can usually be evident even in the absence of LVH 
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on the echocardiogram [94]. Echocardiographic abnormalities may be found and 
includes impaired LV relaxation, mitral valve or subvalvar abnormalities, and mild 
degrees of left atrial enlargement. Although not diagnostic, these abnormalities 
may useful to suspect HCM in the context of familiar screening or ECG abnormali-
ties context [79–94]. CMR shows some degree of LV hypertrophy in about 16% of 
genotype-positive subjects with negative echocardiography. Prognosis of genotype-
positive individuals in this stage is unresolved, but presumed favorable [95, 96].

Classic HCM Phenotype: is defined as the phase in which the hypertrophic 
phenotype is fully expressed and the LV is hyperdynamic (as defined by an LV-EF 
>65%), without extensive fibrotic changes. LVH is typically regional and asym-
metrical, generally involving the basal septum and anterior wall, but can potentially 
involve any part of myocardial muscle such as right ventricle or papillary muscles 
[94–97]. Moreover, a large number of mitral valve, sub-valvar, subaortic, midven-
tricular abnormalities, atrial remodeling, coronary myocardial bridging, coronary 
microvascular dysfunction, crypts and autonomic nervous system abnormalities 
are present in this stage of the disease [79–99]. This stage is characterized by classic 
features such as myocardial disarray, microvascular remodeling, and interstitial 
fibrosis [95–101]. Most patients experience long periods of clinical stability without 
symptoms and may never undergo significant degrees of adverse remodeling or 
disease progression during their lifetime. Life expectancy is relatively favorable, 
with an annual cardiovascular mortality around 1% [94–102].

Adverse Remodeling Phenotype: is defined as the presence of structural 
modifications due to increasing LV fibrosis with worsening function (LV-EF 
50%–65%) associated with relatively preserved clinical and hemodynamic balance 
(15% to 20% of patients) [103–105]. The definition of this intermediate stage of 
disease progression is based on a combination of several structural and functional 
features including an LV-EF in the low-normal range [106], moderate to severe 
diastolic dysfunction [107, 108], marked atrial enlargement [109], moderate areas of 
LV fibrosis [94, 106–111], severe microvascular dysfunction [112], thinning of the 

Figure 3. 
Clinical stage and phenotypes of HCM: Prevalence, symptoms and main findings are separately shown for each 
stage of the disease.
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LV walls [103], onset of atrial fibrillation (AF) [113], spontaneous reduction or loss 
of LVOT obstruction [103–114], LV apical aneurysms [115] and variable patterns of 
intramyocardial fibrosis [116] that is inversely related to LV-EF.

Overt dysfunction HCM Phenotype: (5% of patients) is characterized by 
severe functional deterioration of the LV (LV-EF < 50%) secondary by extreme 
degrees of fibrosis and remodeling and generally associated with hemodynamic 
decompensation and adverse outcome [103, 105, 110, 117–119] with accelerated 
clinical deterioration of clinical condition. The morpho-functional manifesta-
tion of this stage can be summarized in two distinct and opposite phenotypical 
patterns: the hypokinetic-dilated form (LV dilation with spherical remodeling) 
[95, 110, 118, 119], that often may be hard to distinguish from a primary dilated 
cardiomyopathy, and the hypokinetic restrictive form (LV with small cavity and 
extreme diastolic dysfunction), mimicking a primary restrictive cardiomyopathy 
[94, 118–122]. In both forms, overt dysfunction represents the extreme conse-
quence of adverse remodeling and the outcome in this stage is severe, not only 
due to high rates of HF-related complications and mortality but also because of a 
considerable incidence of SCD [95, 118–123].

6. Management

No evidence-based treatments are available for non-hypertrophic HCM patients 
(pre-hypertrophic stage) and avoiding competitive activity may be considered in 
these individuals for the risk of development of HCM or SCD although this issue 
remains highly controversial [95, 124]. In classic HCM, adverse remodeling and 
overt dysfunction phenotype, pharmacological or interventional strategies have the 
target to improve functional capacity, reduce symptoms, prevent disease progres-
sion. Therapeutic approach mainly differs on the basis of the presence or absence 
of LVOT obstruction (HOCM). Patients with HCM who are asymptomatic and 
have no evidence of arrhythmias or LVOT obstruction at rest or on effort generally 
do not require medical treatment [125]. In symptomatic HOCM patients, the aim 
is to improve symptoms by using drugs, surgery, alcohol ablation or pacing. In 
symptomatic patients without LVOT obstruction, the target of therapy is to reduce 
arrhythmic risk, LV filling pressures as well as improve symptoms such as dyspnea 
and angina. Patients with progressive LV systolic or diastolic dysfunction refractory 
to medical therapy may be candidates for cardiac transplantation.

6.1 HOCM

LVOT obstruction is defined as a peak instantaneous Doppler gradient of 
≥30 mm Hg and the threshold for invasive treatment is usually considered to be 
≥50 mm Hg. In general, all HCOM patients should avoid dehydration and excess 
alcohol consumption, and weight loss should be encouraged. Arterial and venous 
dilators, such as nitrates and phosphodiesterase type 5 inhibitors, can exacerbate 
LVOT obstruction and should be avoided [126]. HOCM symptomatic patients 
can be treated initially with non-vasodilating ß-blockers titrated to maximum 
tolerated dose. If ß-blockers alone are ineffective, disopyramide can be added, 
titrated up to a maximum tolerated dose [127, 128] because can abolish basal LV 
outflow pressure gradients and improve exercise tolerance and functional capac-
ity without pro-arrhythmic effects [129–131]. Verapamil or ditiazem can be used 
when ß-blockers are contraindicated or ineffective [132–135]. Patients with HOCM 
(gradient ≥50 mm Hg,) and drug-refractory symptoms benefit from septal reduc-
tion therapy (SRT). Both septal myectomy and alcohol septal ablation (ASA) are 
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reasonable options when performed at experienced centres as part of a multidisci-
plinary team. Septal myectomy may be preferred when additional papillary muscle 
or mitral valve intervention can be performed, while ASA is favored for patients 
with elevated surgical risk [125]. Surgical myectomy has demonstrated excellent 
long-term efficacy and safety at selected high-volume centres with near-complete 
resolution of resting and inducible LVOT gradients. ASA showed similar periopera-
tive mortality (about 1%) when compared to myectomy [136], although associated 
with a 10–15% rate of complete heart block, repeat procedures and increased risk 
of scar-related ventricular arrhythmias [137, 138]. Moreover, ASA is dependent on 
coronary anatomy since 15% of patients had unsuitable septal perforators [139]. In 
experienced centres, selective injection of alcohol into a septal perforator artery (or 
sometimes other branches of the left anterior descending coronary artery) to create 
a localized septal scar has outcomes similar to surgery in terms of gradient reduc-
tion, symptom improvement and exercise capacity [140–144]. Even in absence of 
randomized trials comparing surgery and ASA, several meta-analyses have  
shown that both procedures improve functional status with a similar procedural  
mortality [145–148].

6.2 Symptomatic patients without LVOT

In patients with normal LV-EF and no evidence of resting or provocable LVOT 
obstruction, aim of therapy is to reduce LV diastolic pressures and improve LV 
filling by slowing the heart rate with b-blockers, verapamil or diltiazem and cau-
tious use of loop diuretics. Restoration of sinus rhythm or ventricular rate control 
is essential in patients who have permanent or frequent paroxysms of AF and 
digoxin is not recommended in patients with preserved EF because of the poten-
tially adverse effects of positive inotropic stimulation [149]. ß-Blockers or calcium 
antagonists should be considered in patients with exertional or prolonged episodes 
of angina-like pain. Both classes improve diastolic function, reduce myocardial 
oxygen, thereby improving stress-induced sub-endocardial perfusion defects 
[150–154]. Patients with reduced LV-EF and HF symptoms should be treated with 
diuretics, ß-blockers, angiotensin-converting enzyme (ACE) inhibitors, angioten-
sin receptor blockers (ARB) and mineralocorticoid receptor antagonists (MRA) 
according to ESC guidelines for the management of chronic heart failure [155]. 
Moreover, CRT may be considered in individual patients with refractory symptoms, 
LV-EF < 35% and LBBB (QRS duration 120 ms) in accordance with current ESC 
Guidelines [156]. On the other hand, since LV-EF < 50%, rather than <35% as in pri-
mary or secondary dilated cardiomyopathies, is a strong discriminator of end-stage 
disease (associated with deteriorating HF and SCD) there is clear need for HCM 
disease-specific CRT and CRT-D criteria [57].

Orthotopic cardiac transplantation should be considered in patients with 
moderate-to-severe drug refractory symptoms (NYHA functional Class III–IV) and 
no LVOTO who meet standard eligibility criteria [157].

6.3 Management atrial fibrillation and anticoagulation therapy

Atrial fibrillation (AF) is the most frequent arrhythmia in HCM, affecting 
more than 20% of patients, and represents a marker of unfavorable prognosis, 
particularly when associated with LVOT obstruction and in patients younger 
than 50 years of age; moreover, the onset of AF worsens symptoms related to HF 
[158–160]. In haemodynamically stable patients, oral b-blockers or non-dihydro-
pyridine calcium channel antagonists are recommended to slow the ventricular 
response to AF [161, 162]. Given the high incidence of stroke in patients with 
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HCM and paroxysmal, persistent or permanent AF, the current European Society 
of Cardiology (ESC) Guidelines of Atrial Fibrillation invite to do not use the 
CHA2DS2-VASc score to calculate stroke risk recommend that all patients with 
AF should receive treatment with OAC [163]. Similarly, the American Heart 
Association and American College of Cardiology (AHA/ACC) Guidelines recom-
mended use direct-acting oral anticoagulants (NOAC) as first-line option and 
vitamin K antagonists as second-line option [57].

6.4 Prevention of sudden cardiac death

Adult patients with HCM report an annual incidence for cardiovascular death 
of 1–2%, with SCD, HF and thromboembolism being the main causes of death; the 
most commonly recorded fatal arrhythmic event is spontaneous ventricular fibril-
lation (VF), but asystole, AV block and pulseless electrical activity are described 
[2]. For this reason, SCD risk estimation is an integral part of clinical management 
of HCM [164]. Younger HCM patients are at higher risk for SCD than older patients 
[30, 165–171] since the 5-year cumulative proportion of SCD events is 8–10% from 
diagnosis in childhood HCM [172, 173]. In secondary prevention (patients which 
experiment cardiac arrest due to VT or VF or spontaneous sustained VT causing 
syncope or haemodynamic compromise), implantable cardioverter-defibrillator 
(ICD) implantation is indicated in all HCM patients. On the other hand, in primary 
prevention the best strategy to evaluated SCD risk seems to be a multiparametric 
approach. Recently, AHA/ACC guidelines suggest the evaluation of several risk 
factor for SCD based on personal and family history [165, 174–176], noninvasive 
testing including echocardiography [174, 177–179], ambulatory electrocardio-
graphic 24 hours monitoring [180, 181] and CMR imaging [180–186] in order 
to identity those patients most likely to benefit ICD implantation [33, 168–170, 
174, 187]. On the other hand, ESC guidelines [2] have proposed a risk score, named 
HCM Risk-SCD, that includes both clinical and instrumental data, thereby predict-
ing annual risk of SCD and suggesting indication for ICD implantation (Table 2). 
Subcutaneous ICD (S-ICD) may be considered in HCM patients who have no indi-
cation for pacing especially in patients that have a long life expectancy. However, 
particular attention should be paid to ensuring optimal R-wave sensing to avoid 
inappropriate shocks [2].

6.5 New therapy prospective

Novel therapeutic options are being evaluated and validated with diversified 
targets in the context of the physiopathology of hypertrophic cardiomyopathy.

Myocardial Contractility and energetics: Hypercontractility appears to play 
a central role in the pathogenesis of HCM since the vast majority of known muta-
tions affect sarcomeric proteins, and ∼70% of identifiable mutations involving 
cardiac beta-myosin heavy chain (MYH7) and myosin-binding protein C (MYBPC) 
that contain the ATPase involved in actin–myosin cross bridging and muscle fiber 
shortening, thereby serving as the molecular motor for myocardial contraction 
[188–191]. It has been hypothesized that HCM mutations increase net power gen-
eration by the sarcomere resulting in LV hypercontractility and stiffening that is 
clinically observed. Mavacamten, a selective allosteric inhibitor of myosin ATPase 
capable of reducing the formation of bridges between actin and myosin at the 
sarcomere level and therefore of reducing contractility and improving the energy 
profile of the myocardium, helps ventricular hyper-contractility which has a patho-
physiological role determinant in the genesis of the dynamic obstruction to the left 
ventricular outflow. It has been shown to improve exercise capacity, symptoms, 
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obstruction to the outflow and quality of life in patients with HOCM. Therefore, 
Mavacamten represents a valid new therapeutic option (but still not available) for 
patients with HCM and severe obstruction to the outflow tract despite maximal 
doses of beta-blocker, calcium channel blockers and disopyramide and before opt-
ing for a surgical approach [192].

Ion channels Regulation. HCM is associated with enhanced late sodium 
current (iNaL) activity due to enzyme-induced sodium-channel phosphorylation 
which results in increased intracellular sodium (Na+), and in turn, calcium (Ca2+) 
overload through ion exchange [193]. Dysregulated Ca2+ and Na + handling may 
contribute to altered cardiomyocyte mechanics (hyper-contractility and impaired 
relaxation) and predispose the myocardium to arrhythmias. Ranolazine is an 
inhibitor of iNaL with several potential beneficial effects in HCM, mainly related to 
the improvement in myocardial relaxation and both anti-ischemia and arrhythmia 
effects [193]. Although a open-label study (RHYME, NCT01721967) demonstrated 
positive effects on clinical outcomes, data from a phase II trial (RESTYLE-HCM) 
failed to demonstrate a significant effect on objective measures (peak VO2, serum 
B-type natriuretic peptide, diastolic function), while a reduction in premature 
ventricular complex burden [194] has been reported. For these reasons, ranolazine 
still remains an intriguing area of research in the field of HCM therapeutic options.

Fibrosis. Several therapies have attempted to address fibrosis and disease pro-
gression in HCM, although nowadays no drug has shown convincing benefits, this 
target represents an interesting field of research in cardioyopathies. While losartan, 
valsartan and spironolactone was demonstrated to be ineffective [195–198], atorv-
astatin demonstrated effects on suppression of hypertrophy in pre-clinical models 
[199] but had no effect and poor treatment adherence in a small early feasibility 
study in humans [200].

Genome editing and gene silencing. Advances in genome editing technology 
have sparked excitement about the potential for therapeutic use in cardiovascular 
disease; however, there remain important hurdles prior to implementation in clini-
cal practice [201, 202]. Current techniques including CRISPR/Cas9 cause a double-
stranded DNA break at a desired genetic locus followed by intrinsic cellular repair 
that is virtually error-free and recently, high-fidelity gene repair in human embryos 
carrying HCM mutations was shown to be feasible [203]. Using sperm from a het-
erozygous MYBPC3 mutation carrying male patient, oocytes from healthy women 
were inseminated. Simultaneous injection of a mutation-specific CRISPR/Cas9 
system during early metaphase resulted in editing of the mutation 100% of the time 
[204]. Allele-specific gene silencing is another gene-based therapeutic technology 
that holds promise for monogenic diseases. This typically involves the transduction 
of an adenovirus vector containing short-interfering ribonucleic acid segments 
designed to suppress expression of a specific pathogenic allele – a method more 
broadly defined as ribonucleic acid interference (RNAi). In pre-clinical models, 
RNAi was demonstrated to attenuate the phenotype of specific mutations causing 
catecholaminergic polymorphic ventricular tachycardia [205], HCM [206] and 
restrictive cardiomyopathy [207].
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Chapter 12

Fabry Disease
Ida Kåks and Peter Magnusson

Abstract

Fabry disease (FD) is a lysosomal storage disorder where deficient or completely 
absent activity of the enzyme α-galactosidas A leads to accumulation of globotriao-
sylceramide (Gb3) and other glycosphingolipids in lysosomes. The condition is rare, 
approximately 1:50,000, although underdiagnosis seems frequent. The condition 
can affect multiple organ systems, including the skin, nervous system, kidneys, and 
heart. Early manifestations include skin lesions (angiokeratoma), neuropathic pain, 
and gastrointestinal symptoms. Later on, FD can result in cardiomyopathy, kidney 
failure, and stroke. Both lifespan and health-related quality of life are affected nega-
tively by FD. Patients are divided into a classical or a non-classical phenotype based 
on presentation, where the diagnosis of classical FD requires that a set of specific 
criteria are met. Patients with non-classical FD often have a less severe disease 
course, sometimes limited to one organ. The hereditary pattern is X-linked. Thus, 
men are in general more severely affected than women, although there is an overlap 
in symptomatic burden. Two types of specific treatment options are available: 
enzyme replacement therapy and pharmacological chaperone therapy. In addition 
to this, management of each organ manifestation with usual treatment is indicated.

Keywords: Fabry disease, hypertrophic cardiomyopathy, left ventricular 
hypertrophy, lysosomal storage disorder

1. Introduction

Anderson-Fabry disease, generally referred to as Fabry disease (FD), is a 
lysosomal storage disorder where the activity of lysosomal enzyme α-galactosidas 
A is deficient or completely absent. This leads to accumulation of globotriaosylce-
ramide (Gb3) and related glycosphingolipids inside the lysosomes [1], organelles 
which, among other things, are responsible for degradation of cellular waste [2]. 
FD is a rare condition, and the reported incidence varies greatly between sources, 
with reported incidences in the ranges of 1 in 40,000 [3], 1 in 117,000 [4], and 1 
in 476,000 [5]. However, when screening newborn males a prevalence of around 
1 in 3,100 was found in Italy [6] and 1 in 1,250 in Taiwan [7], suggesting the true 
prevalence is higher than previously thought [1].

2. Historical overview

In 1898, the German physician Johannes Fabry and the British surgeon William 
Anderson independently of each other reported seeing patients with angiokera-
toma, a classical skin lesion associated with the disease [8–10]. Back then, physi-
cians lacked knowledge about the underlying causes for the dermatoses they were 
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describing, and the meaning of additional symptoms were mostly unknown [11]. 
Hence, FD was initially considered a purely dermatological disorder. Anderson 
did, however, describe proteinuria. No one else in the patient’s family was affected. 
Fabry’s patient had a paternal grandfather who passed away from “kidney trouble” 
at an age of 49 years, and the patient himself died of lung disease at 44 years of age. 
The average life expectancy in the general population in the year 1900 was about 
40 years [11]. In 1963 the mainly accumulated substance, Gb3, was identified [12]. 
A few years later, deficient α-galactosidas activity was described, followed by the 
discovery of the gene coding for α-galactosidas A. To date, almost a 1,000 muta-
tions have been identified in this gene, although many of the mutations still have an 
unknown significance and it is unclear whether they cause FD [8].

3. Disease manifestations

Symptoms generally appear between ages 3 and 10 in males, and a few years later 
in females [1]. Pain is among the first symptoms to manifest, and it can be either as 
episodic crises or as chronic pain. Most often, it presents as episodic sensations that 
radiate proximally from the extremities, which can be burning or shooting in char-
acter. The pain crises can consist of excruciating pain spreading all across the body. 
Physical exercise and thermal stimuli are triggers of the pain [13]. In addition to 
this, patients with FD can suffer from heat intolerance due to an- or hypohidrosis. 
In some patients, the pain decreases as they reach adulthood [1]. Other symptoms 
that may develop early are gastrointestinal problems (abdominal pain, diarrhea, 
vomiting), angiokeratoma (small spots on the skin, dark-red and raised), tinnitus 
and corneal changes (cornea verticillata, rarely affecting vision, Figure 1) [1].

For a definite diagnosis of FD, presence of an α-galactosidas A gene mutation 
needs to be present. Furthermore, in males an α-galactosidas A deficiency of ≤5% 
of mean reference value in leukocytes is an additional criterion, whilst in females 
α-galactosidas A in leukocytes may be normal or deficient. Additionally, one of the 

Figure 1. 
Cornea verticillata, seen as sub-epithelial brown lines. From Germain [1]. Courtesy: Dr. Juan-Manuel 
POLITEI, Buenos-Aires, Argentina. Licensed under CC BY 2.0.
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following must be present: at least one characteristic sign of FD (neuropathic pain, 
cornea verticillata, or clustered angiokeratoma), increased plasma Gb3 (in the range 
of males with definite FD diagnosis), or a family member with definite FD with the 
same α-galactosidas A gene mutation [14].

FD is divided into a classical or a non-classical phenotype, where the diagnosis 
of classical phenotype in males is based on presence of an α-galactosidas A gene 
mutation, very low or completely absent enzyme activity, and one of the following 
signs: angiokeratoma, cornea verticillata, or very high Gb3-levels [15]. Hemizygous 
males are in general the ones most severely affected, although heterozygous females 
often have serious manifestations, which affect both quality of life and lifespan 
[16]. The varying severity of FD in females, where some are asymptomatic and 
others have a disease course comparable to that of males, is believed to be a result of 
skewed X-chromosome inactivation [17]. Females are considered to have classical 
FD when they present with angiokeratoma, cornea verticillata, or a very high Gb3-
level [15]. Although the disease course is variable (more so in non-classical than in 
classical FD), patients with non-classical FD are less severely affected in general, 
sometimes with disease manifestation limited to one organ [18].

The heart, kidneys and brain may become affected as the disease progresses, 
and cardiovascular, renal and cerebrovascular disease represent the most common 
among the known and reported causes for mortality in patients with FD [16].

3.1 Cardiac involvement

Heart involvement is the main reason for impaired quality of life and death 
in patients with FD [19]. Between 40 and 60% report symptoms including left 
ventricular hypertrophy (LVH), angina, arrhythmia and dyspnea [1]. In most 
studies the prevalence of FD in adult patients with left ventricular hypertrophy is 
estimated at 0.5–1% [20]. For a suggestion on how to further investigate LVH that 
might be associated with FD, see Figure 2. Many patients have a cardiac variant of 
FD, meaning the disease manifests later in life, primarily as LVH or hypertrophic 
cardiomyopathy (HCM). This variant generally progresses slower because of 

Figure 2. 
Suggestion for further investigation of LVH when FD is suspected. Agal, α-galactosidas A; EMB, 
endomyocardial biopsy; GLA, α-galactosidas A gene; GLS, global longitudinal strain; RVH, right ventricular 
hypertrophy; VUS, variant of unknown significance. Image by Linhart A et al. [20] licensed under CC 
BY-NC 4.0.
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residual α-galactosidas A-activity [20]. LVH manifests on average at age 32 in males, 
and at age 40 in women [21]. It is usually not accompanied by significantly impaired 
systolic function or restrictive diastolic dysfunction [22]. FD is considered a sub-
group of HCM by the European Society of Cardiology (ESC), while the American 
Heart Association uses the term phenocopy to describe FD and other mimics of 
HCM [23, 24]. The prevalence of FD among patients with HCM above age 35–40 
has been estimated to 0.5% [25].

In addition to LVH, cardiac involvement may lead to conduction defects and 
arrhythmia [8]. Since symptomatic bradycardia, AV block, chronotropic incompe-
tence, supraventricular and ventricular arrhythmias are common, regular 24 h ECG 
monitoring is recommended [20]. The ESC recommend that patients with HCM 
who present with AV block or chronotropic incompetence should be suspected 
of having FD [23]. The arrhythmias in FD are a cause of significant morbidity. 
Atrial fibrillation is four times more common in patients with FD than in the 
general population, and twelve times more common in patients above the age of 
50 [26]. Death from ventricular arrhythmia has been observed in a number of FD 
patients [26, 27]. Patients with FD can experience angina despite their coronary 
arteries being angiographically normal, which can be explained by microvascular 
dysfunction [28]. Valve disease occurs as a result of infiltrative changes in valvular 
fibroblasts, most clinically significant changes appear in the left heart valves. Valves 
become thickened which can lead to mild to moderate regurgitation, but disease 
requiring surgery is rare [29].

ECG changes associated with FD include shorter PQ interval, P-wave duration 
and QRS width, and increased QT and QTc duration [30]. As FD cardiomyopathy 
develops, voltage signs of LVH and inversed T-waves in precordial leads are usually 
seen [20].

Terminal stage cardiac FD leads to severe left ventricle dysfunction, associated 
with conduction disturbances and ventricular arrhythmia [27].

3.2 Renal involvement

The kidneys can be affected due to Gb3 accumulating in renal cells (glomerular 
endothelial, mesangial, interstitial, podocytes), and the severity increases with 
age [1]. The first signs are usually microalbuminuria and proteinuria, presenting 
as early as the second decade of life and worsening with age [1]. In time, the glo-
merular filtration rate starts to decline, which might lead to end-stage renal failure 
[8]. Renal involvement is common; signs and symptoms of renal disease have been 
reported in half of patients in the Fabry Outcome Survey (a European database for 
all FD patients eligible for, or receiving, enzyme replacement therapy with agalsi-
dase alfa). The most frequent sign was proteinuria, seen in 33% of females and 44% 
of males. End-stage renal failure affected 17% of males and 1% of females. Among 
the male patients 10% received a renal transplant and 7% were on dialysis [3].

3.3 Cerebrovascular involvement

Ischemic stroke and transient ischemic attacks are the most common cere-
brovascular complications in FD, and occur at a younger age than in the general 
population [31]. Stroke can affect patients who have no other key signs of FD; data 
from the Fabry Registry showed that 46% suffered their first stroke prior to being 
diagnosed with FD [32]. The median age of first stroke was 39 in males and 46 in 
females. Approximately 87% of strokes were ischemic similar to the numbers in 
the general population. Among the strokes where vessel size was reported, most 
occurred in small vessels. The prevalence of stroke was 4.3% in females and 6.9% 
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in males, which by far exceeds the prevalence in the general population [1]. In men 
between ages 35 and 45, the risk of stroke is 12.2 times higher in patients with FD 
than in healthy subjects [31].

The pathological mechanisms for stroke in FD is not clear, but abnormalities in 
cerebral blood flow as well as in the walls of intracranial vessels have been seen [32]. 
A possible contributing factor is that formation of thrombi may be enhanced due to 
increased adhesion of neutrophils and monocytes to the endothelial wall [1, 33].

4. Pathophysiology

That Gb3 is accumulated in lysosomes is well known, but the specifics regarding 
what causes cellular dysfunction is not [8]. Accumulation of substrate does lead to 
enlargement of the affected cells, in turn resulting in enlargement of entire organs. 
This is, however, not the only explanation [34]. One report presents a case where 
cardiac hypertrophy resulted in a heart weighing 1100 g, and Gb3 only accounted 
for 3.5 g [35, 36]. Mitochondrial metabolism is affected by the substrate accumula-
tion in FD, which is part of the explanation for the organ damage that occurs [37]. 
There may be dysfunction of the endoplasmic reticulum as well. Fibrosis, inflam-
mation and oxidative stress appear to play important parts in pathogenesis [8].

5. Treatment

In 2001 enzyme replacement therapy (ERT) was introduced; human recombi-
nant α-galactosidas A administered through bi-weekly intravenous infusions. Two 
recombinant enzyme preparations exist: agalsidase alfa and agalsidase beta. ERT 
has been shown to reduce pain, improve cardiac function [38], and stabilize kidney 
function [39]. Treatment is recommended for classically affected males and females 
and non-classically affected males who show early clinical signs of heart, kidney, 
or brain involvement. In classically affected males aged 16 or older without signs 
or symptoms of organ involvement and in non-classically affected females with 
early clinical signs, treatment should be considered [15]. ERT should be prescribed 
as early in the disease course as possible, since the benefit in advanced FD seems 
doubtful [40, 41]. Although the risk of developing a first or second complication 
is reduced by increased treatment duration, ERT does not seem to prevent disease 
progression [40].

Since 2016 another treatment option has become available: pharmacological 
chaperone therapy (PCT). The drug is taken orally, and can restore enzyme activity 
by promoting correct folding in patients with mutations responsive to the therapy 
(approximately 35–50% of patients) [8, 42]. Individual eligibility for treatment is 
tested through an in vitro enzyme activity assay [43]. During long-term therapy it has 
maintained renal function, and reduced cardiac mass more effectively than ERT [42].

Both ERT and PCT should always be combined with therapies to manage the 
different organ manifestations clinically [8].

Regarding implantable cardioverter-defibrillator therapy, the ESC state that 
their risk prediction model HCM Risk-SCD, used for calculating the risk of sudden 
cardiac death (SCD) in HCM patients, should not be used in patients with FD [23]. 
There are currently no guidelines for implantation of cardiac devices in FD, and 
data on risk predictors are scarce. One study showed a higher delivery of device 
therapy in FD than in HCM. The rates of asymptomatic non sustained ventricular 
tachycardia were similar, but FD patients experienced a higher rate of ventricular 
arrhythmia that required anti-tachycardia pacing or defibrillation [44].
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6. Health-related quality of life

Patients with FD have a lower quality of life than the population in general; 
a systematic review found that they score lower in all domains in the SF-36 and 
EQ-5D questionnaires (the domains include aspects such as a physical and mental 
component summary score) [45]. However, no studies had examined the difference 
between classically and non-classically affected individuals. The effect of ERT on 
quality of life was not conclusive. A qualitative study using in-depth interviews with 
ten Norwegian women, heterozygous for FD, found that receiving the diagnosis 
can bring about feelings of relief as well as distress [46]. For symptomatic women 
the diagnosis can be an explanation of problems they have dealt with for years; 
many have been burdened by feeling like hypochondriacs because of health issues 
without an apparent cause. On the other hand, some women saw the diagnosis itself 
as stigmatizing. Almost every participant had negative feelings about passing the 
condition on to their children. Another qualitative study of 30 patients from the 
Netherlands, both male and female, found that many patients had experiences of 
being misdiagnosed and feeling misunderstood due to delayed correct diagnosis 
[47]. Others mentioned that presymptomatic diagnosis had drawbacks such as 
medicalization and labeling.

7. Prognosis

Before ERT, male patients died at a mean age of 50 [48], and a study of females 
showed a median cumulative survival of 70 years [49]. The long-term prognosis of 
FD in a modern setting needs to be further elucidated.

8. Future perspectives

There are current studies of gene therapy for FD, as well as substrate reduction 
therapy, second generation enzyme replacement therapies, and novel PCTs [8, 43]. 
The second generation enzyme replacement therapies currently in development are 
plant derived as opposed to agalsidase alfa (produced in human fibroblasts) and 
agalsidase beta (produced in hamster ovary cells), which could result in a differ-
ent bio distribution. Substrate reduction therapy is an oral treatment, which aims 
to limit the formation of metabolites that FD patients cannot degrade. There are 
currently ongoing Phase I and II clinical trials in which haematopoetic stem cells are 
recruited from the patient and transduced with the lentivirus vector containing the 
human α-galactosidas A gene, then re-administered to the patient (NCT02800070 
and NCT03454893) [43].

9. Conclusions

FD is a rare disease, generally underdiagnosed, with profound effects on mor-
bidity and mortality. Symptoms, such as debilitating pain, can present themselves 
early in childhood and in time the disease may lead to severe cardiac, renal, and 
cerebrovascular complications. The available treatment with ERT has a doubtful 
effect in advanced FD, making it imperative that the diagnosis is made in time. The 
Fabry Registry has been used in several studies of FD patients, and registry data is 
a valuable resource when it comes to evaluating treatment options. In the future, 
different therapeutic approaches could be compared using the information this 
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Chapter 13

Cardiomyopathy: Getting Bigger 
All the Time - Lessons Learned 
about Heart Disease from 
Tropomyosin
David F. Wieczorek

Abstract

In 1990, John and Christine Seidman uncovered the genetic association between 
mutations in sarcomeric contractile proteins and hypertrophic cardiomyopathy. 
Since then, the increase in knowledge and understanding of this disease has 
increased exponentially. Although pathologies associated with the various cardio-
myopathies are vastly different, in some cases, the same proteins are causative, but 
with different genetic mutations. The focus of this article will be on hypertrophic 
and dilated cardiomyopathies, which are often caused by mutations in sarcomeric 
contractile proteins. Tropomyosin, a thin filament protein, serves as a paradigm to 
illustrate how different mutations within the same protein can generate the hyper-
trophic or dilated cardiomyopathic condition. As such, the significant advances in 
information derived from basic science investigations has led to the development of 
novel therapeutics in the treatment of these pathological diseases. This article will 
illustrate linkages which occur to bridge scientific advances to clinical treatments in 
cardiomyopathic patients.

Keywords: hypertrophic and dilated cardiomyopathy, tropomyosin

1. Introduction

Cardiomyopathies are diseases with primary defects associated with the 
structure and function of the heart. They are commonly classified into 5 different 
categories: hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), 
restrictive cardiomyopathy (RCM), arrhythmogenic right ventricular cardiomy-
opathy (ARVC), and left ventricular noncompaction (LVNC). HCM and DCM are 
the most common of the cardiomyopathies, with an incidence of 1:500 and 1:2500, 
respectively. Although there are variations in phenotypes and etiologies, there are 
also similar symptoms among the cardiomyopathies. For example, HCM, DCM, and 
RCM often present with signs and symptoms that are common in heart failure with 
reduced ejection fraction, including peripheral edema, fatigue, dyspnea on exer-
tion, syncope, and cardiac ischemia [1, 2]. The focus of this article will be on HCM 
and DCM, the two most common cardiomyopathies.



Cardiomyopathy - Disease of the Heart Muscle

288

2. Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is defined as left and/or right ventricle 
hypertrophy in the absence of external load, and without chamber dilation. 
Interventricular septal thickening predominates and may cause left ventricular 
outflow tract obstruction and/or mitral valve dysfunction. Other common features 
include myocyte disarray, fibrosis, alterations in calcium sensitivity of myofila-
ments, and cardiac arrhythmias that may lead to premature sudden death and/or 
heart failure. Phenotypic expression is variable, with some genetically-identified 
HCM individuals dying in their late teens/early twenties, whereas others have a 
normal life span with minimal disability dependent upon the specific mutation 
within the affected gene. In addition, modifier genes and environmental factors can 
influence disease progression and phenotype.

The genes associated with HCM can be roughly divided into several distinct 
categories: (1) genes definitively established as causing HCM via large family 
pedigrees; (2) genes likely causing HCM via small family pedigrees; and (3) genes 
associated with HCM via small families and sporadic cases [3]. However, as more 
genetic information is obtained on incidence of diseases, these categorizations 
may become blurred. Usually, HCM is inherited as an autosomal dominant disease 
where a single missense point mutation in the affected gene is sufficient to cause the 
disease, although there is variability in the phenotype. This variability in phenotype 
is also manifest by the numerous different point mutations that occur within a 
specific gene; for example, the myosin heavy chain 7 (MYH7) R403Q mutation is 
associated with a severe pathological phenotype, whereas other MYH7 mutations, 
such as V606M, are relatively benign [4]. Studies also show that modifier genes 
and their polymorphisms, such as angiotensin II type 2 receptor and calmodulin, 
can influence the HCM pathology [4]. In addition, mutations that occur in differ-
ent HCM-causing genes have dramatically different pathologies, with some being 
severe and others being relatively benign.

The genes primarily associated with the HCM phenotype are sarcomeric con-
tractile protein genes associated with both thick and thin cardiac myofilaments, 
along with the Z discs (Table 1). There are over 1500 mutations in these genes 
that are associated with HCM. The pioneering studies that revealed the molecular 
genetic basis of HCM and its association with sarcomeric protein genes were 
conducted by Drs. Christine and Jonathan Seidman [5]. These initial studies led to 
the discovery that mutations within most of the thick and thin filament sarcomeric 
protein genes of the heart can cause HCM (Table 1). In the United States, the 
most common genes associated with HCM are β-myosin heavy chain (MYH7) and 
myosin-binding protein C (MYBPC3); other thick filament protein genes which 
cause HCM are the regulatory light chain (MLC2) and the essential light chains 
(MLC 1/3). Most MYH7 mutations occur in the globular head and hinge region of 
the myosin heavy chain, although mutations in the rod domain also cause HCM. 
Although most HCM mutations in the contractile protein genes are missense muta-
tions, there is a bias for insertion/deletion mutations and premature truncation 
mutations in the MYBPC3 gene; these insertion/deletion mutations often result 
in translational reading frame shifts which lead to premature stop codons with 
subsequent degradation of the mRNA by nonsense mediated decay mechanisms or 
degradation of a truncated polypeptide. Thin filament protein genes associated with 
HCM are α-tropomyosin (TPM1α), troponin T, I, and C (TNNT2, TNNI3, TNNC1), 
and cardiac actin (ACTC1). The muscle LIM protein CSRP3, found in the Z-disc, 
also is a causal gene for HCM. Interestingly, HCM mutations in cardiac troponin T 
often have a relatively mild pathological phenotype but can lead to sudden cardiac 
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Gene Protein Protein function Cardiomyopathy

MYH7 β-Myosin heavy chain ATPase activity and Force generation in 
sarcomere

HCM, DCM

MYH6 α-Myosin Heavy Chain Principle protein of the thick filament 
with low expression in adult human 
ventricles

HCM, DCM

MYL2 Regulatory myosin light 
chain

Binds myosin heavy chain HCM

MYL1/3 Essential myosin light 
chain

Binds myosin heavy chain HCM

ACTC1 Cardiac α-actin Principle component of the thin 
filament

HCM, DCM

TPM1 α-Tropomyosin Blocks myosin interaction with actin in 
sarcomere

HCM, DCM

TNNT2 Cardiac troponin T Holds troponin complex on tropomyosin HCM, DCM

TNNI3 Cardiac troponin I Inhibits actomyosin interaction HCM, DCM

TNNC1 Cardiac troponin C Binds calcium to regulate sarcomeric 
contraction

HCM, DCM

MYBPC3 Myosin binding  
protein C

Structure & Contraction in the 
sarcomere

HCM, DCM

TTN TItin Structural component of the sarcomere HCM, DCM

CSRP3 Cysteine-and  
glycine-rich protein 3

Muscle LIM protein located in the Z disc HCM, DCM

ACTN2 Actinin Attaches actin filaments to the Z lines 
in muscle

HCM, DCM

TCAP Tcap (telethonin) Capping protein for titin HCM, DCM

MYOZ2 Myozenin 2  
(calsarcin 1)

Tethers calcineurin to the Z disc via 
actinin

HCM

PLN Phospholamban Regulates calcium entry into the 
sarcoplasmic reticulum

HCM, DCM

LDB3 Lim domain binding 3 Stabilizes the sarcomere during muscle 
contraction

HCM, DCM

FHL1 Four-and-a-half LIM 
domains 1

Muscle development and cardiac 
hypertrophy

HCM

MYLK2 Myosin light chain 
kinase 2

Phosphorylates myosin light chain 2 HCM

NEXN Nexilin Actin binding protein, part of T-tubule 
complex and Z discs

HCM, DCM

JPH2 Junctophilin-2 Structural protein linking the plasma 
membrane with the sarcoplasmic 
membrane.

HCM

CASQ2 Calsequestrin 2 Calcium binding protein HCM

VCL Vinculin Cytoskeletal protein HCM, DCM

ANKRD1 Ankyrin repeat  
domain 1

Transcriptional repressor of cardiac 
genes

HCM, DCM

TRM63 Muscle ring finger 
protein

Involved in proteasome-ubiquitin 
system for protein degradation

HCM,

Table 1. 
Genes found to cause cardiomyopathies.
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death. Over the years, the identification and verification of many of these sarco-
meric genes with HCM has been primarily through large family pedigrees, and 
often confirmed through experimental animal systems.

In addition to those genes mentioned that have a strong association with causing 
HCM, there are other cardiac muscle protein genes that when mutated are likely 
candidates for HCM. These genes include four-and-a-half LIM domains 1 (FHL1), 
myozenin 2 (MYOZ2), phospholamban (PLN), titin (TTN), titin capping protein 
(TCAP), and muscle ring finger protein 1 (TRM63) (Table 1) [3, 6, 7]. Although 
some of these associated proteins are located in the sarcomere (titin, titin capping 
protein), others are found peripherally, such as phospholamban which is in the 
sarcoplasmic reticulum membrane, and myozenin 2, located in the Z disc. There 
are also genes that are associated with HCM but occur more sporadically [3, 6, 7]. 
Some of these proteins are associated with cardiac muscle, such as troponin C, 
myosin light chain kinase 2, actinin 2, vinculin, nexilin, α-myosin heavy chain, and 
Lim domain binding 3 protein; other proteins are found globally, such as caveolin, 
junctophilin-2, and calsequestrin (Table 1). The fact that a vast array of different 
genes encoding proteins with diverse functions can all trigger the HCM pathological 
response demonstrates a common end point in the development of cardiovascular 
disease. However, we must also consider HCM is a large phenotypic category and 
that with more detailed pathological and physiological analyses, an improved diag-
nostic system might be developed. This has already been demonstrated by the addi-
tion of other cardiomyopathic classifications, such as restrictive cardiomyopathy, 
storage and metabolic cardiomyopathies, dilated cardiomyopathy, arrhythmogenic 
right ventricular cardiomyopathy, and mitochondrial cardiomyopathy.

3. Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is defined as dilation of the left or both ven-
tricles that is not explained by coronary artery disease or abnormal loading of the 
heart. The cardiac enlargement occurs with either normal thickness or thinning of 
the ventricular walls and varying amounts of fibrosis. Oftentimes, DCM leads to 
heart failure with reduced ejection fraction, tachyarrhythmias, and increased risk 
of sudden death. All four cardiac chambers may be dilated with increased end-
systolic volumes in both ventricles. The incidence of DCM is less well defined, with 
numbers varying between 1/250 individuals to 1/2500 individuals [6, 7]. Some of 
this variability can be attributed to the increased number of causes associated with 
DCM which include familial, viral myocarditis, cardiac toxins (i.e. alcohol, cocaine, 
amphetamine, cancer chemotherapeutic agents), peripartum cardiomyopathy, and 
prolonged tachycardia-related cardiomyopathy.

The genes associated with familial DCM are numerous and varied in their 
function (Table 1); however, the most common mode of inheritance is autosomal 
dominant. Over 50 genes have been identified that are linked to familial DCM, 
which encode proteins in the sarcomeres, ion channels, cytoskeleton, nuclear 
envelope, and mitochondria [6, 7]. Familial DCM comprises 30–50% of the DCM 
population. There is also allelic heterogeneity with mutations occurring in multiple 
regions within a specific gene. In fact, many genes are associated with causing both 
DCM and HCM, dependent upon the specific mutation (Table 1).

Titin, lamin A/C, and β-myosin heavy chain account for >25% of genetically-
inherited DCM [7, 8]. Titin, the longest human protein, is composed of 34,350 
amino acids with a mass of 3,816,030 Da. This sarcomeric protein functions as a 
scaffold for both thick and thin filaments in striated muscle. Many of the DCM-
associated mutations in titin encode premature stop codons, resulting in truncated 
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forms of the protein. These truncations often map to the A band of the sarcomere, 
rather than the I band, and are associated with phenotypically mild DCM. Other 
titin mutations result in sarcomere instability, decreased binding to its cap-binding 
protein (TCAP), decreased binding to the Z-disc, and a decreased stretch response 
during sarcomere contraction.

Mutations in the lamin A gene account for approximately 6% of all DCM muta-
tions, and is oftentimes associated with a high incidence of sudden cardiac death 
[8]. Lamin proteins are associated with intermediate filaments which support the 
nuclear membrane, along with a role in chromatin structure and possibly gene 
transcription. Mutations in the lamin gene often lead to nuclear membrane dam-
age and/or chromatin disorganization and impaired gene transcription. Because 
of lamin’s diverse function, mutations lead to a wide variety of disease conditions, 
including premature aging and various myopathies, including DCM. In the heart, 
LMN A mutations often lead to dysrhythmias including sinus node and AV node 
dysfunction, atrial and ventricular fibrillation, and sudden cardiac death [8].

Mutations in genes involved in calcium/sodium handling are also associated 
with the onset of DCM. Phospholamban (PLN), a regulator of the sarcoplasmic 
reticulum Ca2+-ATPase pump, has several autosomal dominant mutations that 
result in DCM. In fact, the R14del mutation in PLN is associated with a founder 
effect in the Netherlands which results in a severe phenotype [9]. However, a milder 
DCM phenotype may also occur with the R14del mutation which demonstrates 
that modifying genes may play a role in the disease pathology. Another ion chan-
nel gene associated with DCM is SCN5A, a major sodium channel expressed in the 
heart. DCM mutations in this gene increase the risk for arrhythmias, whereas other 
SCN5A mutations result in channelopathies [6].

An examination of the genes associated with DCM and HCM clearly demon-
strates commonality in causing cardiomyopathies (Table 1). A clear example of this 
are the numerous sarcomeric protein genes, including titin, α- and β-myosin heavy 
chains, troponin T, I, and C, α-tropomyosin, α-actin, and titin capping protein, vin-
culin, desmin, and nexin (Table 1). There are also genes which appear more specific 
in causing only a single phenotype; genes associated with HCM are myosin light 
chain 2 and 1/3, myosin light chain kinase, and myozenin, whereas genes associated 
with only DCM include laminin α4, presenilin 1 and 2, and numerous others [6, 7]. 
The multitude of mutated genes that can result in DCM and HCM would infer that 
a continuum of phenotypes may exist for these cardiomyopathies dependent upon 
when the diseased heart is examined, which gene is mutated, where the mutation 
occurs, the type of mutation, associated modifying genes, and environmental influ-
ences. In fact, there are many cases where HCM hearts transition to DCM and heart 
failure as the disease progresses.

4. Tropomyosin and HCM

Tropomyosin (TPM) is an essential component of the sarcomeric thin filament 
that regulates muscle contraction and relaxation through its interactions with actin 
and the troponin complex. More specifically, striated muscle TPM, along with the 
troponin complex, regulates Ca2+-mediated actin-myosin crossbridges. As stated 
previously, the Seidman laboratory discovered through pedigree analysis and gene 
mapping that HCM was associated with mutations in myosin heavy chains [5]. The 
association of TPM with HCM was also reported by the Seidman laboratory in 1994 
which confirmed that HCM was a disease of the sarcomere and not solely confined 
to the thick filament [10]. In the United States, the percentage of HCM attributed 
to mutations in TPM is ~5%, with most of these cases exhibiting benign symptoms, 
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oftentimes first displayed in later years in life. However, in Japan, the phenotype is 
severe, but the incidence is low [11, 12]. Interestingly, TPM-associated cases are the 
most prevalent of all contractile proteins in causing HCM in Finland, with a severe 
pathological phenotype [13, 14]. The variability in incidence and pathology in the 
different populations is most likely due to allelic variants, modifier genes, founder 
effects, and environmental influences.

Mutations in the TPM1α gene are known to cause both HCM and DCM. There 
are at least 17 mutations that have been found to cause HCM and 11 mutations that 
can give rise to DCM (Table 2) [15, 16]. The striated muscle α-tropomyosin protein 
encodes 284 amino acids; this TPM isoform is the predominant TPM found in the 
adult human heart. The mutations that cause HCM are scattered throughout the 

Amino Acid Mutation Phenotype

Met8Arg DCM

Lys15Asn DCM

Arg21His HCM

Ala22Ser HCM

Glu23Gln DCM

Glus40Lys DCM

Glu54Lys DCM

Asp58His HCM

Glu62Gln HCM

Ala63Val HCM

Lys70Thr HCM

Asp84Asn DCM

Ile92Thr DCM

Val95Ala HCM

Ala107Thr HCM

Ile172Thr HCM

Asp175Asn HCM

Glu180Gly HCM

Glu180Val HCM

Leu185Arg HCM

Glu192Lys HCM

Thr201Met DCM

Ser215Leu HCM

Asp230Asn DCM

Ala239Thr DCM

Ala277Val DCM

Met281Thr HCM

Ile284Val HCM

Adapted from [15, 16].

Table 2. 
TPM1α mutations that cause cardiomyopathy.
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gene/protein with a significant number located in the troponin-T binding regions, 
around amino acids 170–190 (Ile172Thr; Asp175Asn; Glu180Gly; Glu180Val; 
Leu185Arg; Glu192Lys) and amino acids 270–284 (Met281Thr; Ile184Val). A num-
ber of these mutations lead to a change in amino acid charge which may disrupt the 
dimerization of TPM with itself, or TPM’s interactions with actin and/or troponin 
T [17]. Also, most, if not all, of the HCM mutations occurring in thin filament sar-
comeric proteins lead to increased calcium sensitivity of the myofilaments, coupled 
with decreased systolic and diastolic cardiac function which may be causative for 
the development of this cardiomyopathy.

To understand the role of TPM in the development of HCM, our laboratory gen-
erated animal models of HCM. We produced the first in vivo transgenic mouse mod-
els expressing TPM with known HCM human mutations (Asp175Asn; Glu180Gln) 
[18–20]. Since there is a 100% amino acid sequence identity and comparable 
expression in the heart between mouse and human TPM, the mutations used in 
these transgenic mice reflect mutations and expression found in HCM patients. 
In addition, the exogenous cardiac-specific TPM transgene expression leads to a 
reciprocal decrease in endogenous TPM levels so that the total amount of TPM 
protein expression is unchanged in the hearts of these transgenic mice. Histological 
analyses demonstrate that the Asp175Asn transgenic mouse hearts show a moder-
ate hypertrophic response; in contrast, the Glu180Gln mice demonstrate a severe 
cardiac hypertrophy with significant fibrosis and atrial enlargement (Figure 1) 
[18–20]. Physiologically, mice from both models display significant systolic and 
diastolic dysfunction, coupled with increased sensitivity to Ca2+ in the myofila-
ments. The pathological and physiological disease state progresses rapidly in the 
HCM Glu180Gln mice, with the mice dying between 4 and 6 months postpartum.

Figure 1. 
HCM TPMα180 and NTG control hearts at the designated 1-month time intervals. (A) Cross-section of a  
three-month-old TPMα180 heart. (B and C) trichrome stain of left ventricular wall from control and 
TPMα180 hearts. B NTG control. C TPMα180. Note, blue fibrous staining in panel C.
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To understand the molecular mechanisms associated with the development 
of cardiomyopathy, we conducted a detailed comparative microarray analyses 
of hearts obtained from mild and severe HCM mice [21]. Ventricular tissue was 
obtained from 2.5-month-old TPMα175 and TPMα180 hearts, along with control 
(NTG) samples. Results show 754 genes (from a total of 22,600) were differentially 
expressed between the NTG and HCM hearts; 178 between NTG and TPMα175, 
and 388 between NTG and TPMα180. There are 266 differentially expressed genes 
between HCM TPMα175 and TPMα180. The genes that exhibit the largest increase 
in expression are associated with “secreted/extracellular matrix” category, and the 
most significant decrease in expression are in the “metabolic enzyme” category. 
This work illustrates the diverse array of genes that are activated and repressed dur-
ing the early signaling processes of mild and severe cardiac hypertrophy.

5. Rescue of HCM TPMα180 mice

The development of mouse models that mimic human HCM physiological and 
pathological conditions afford researchers the opportunity to examine various 
methods for rescuing these mice from cardiomyopathy. Studies demonstrate cardiac 
thin filaments with HCM mutations exhibit an increased sensitivity to calcium. As 
calcium is a prime regulator of muscle contraction, we hypothesized that by nor-
malizing myofilament calcium sensitivity, we could phenotypically rescue the HCM 
phenotype in our TPMα180 mice. Previously, we generated transgenic mice that 
exchanged the carboxyl terminal region of TPMα with that of TPMβ (Chi 1) [22]; 
these mice exhibit a decreased myofilament calcium sensitivity. By mating mice 
from the HCM TPMα180 with the Chi 1 mice, we tested the hypothesis that attenu-
ation of myofilament calcium sensitivity would modulate the severe physiological 
and pathological consequences of the HCM mutation. Results show the double-
transgenic mice “rescue” the hypertrophic phenotype by exhibiting a normal 
morphology with no pathological abnormalities, improved cardiac function, and 
normal myofilament calcium sensitivity [23, 24]. These results demonstrate that 
alterations in calcium response by modification of contractile proteins can prevent 
the pathological and physiological effects of this disease.

To extend our studies on rescuing HCM TPMα180 mice by modulation of 
cytosolic calcium, we crossbred the TPMα180 mice with phospholamban knockout 
mice (PLNKO) [25]. PLN is a Ca2+-handling protein that regulates calcium uptake 
into the sarcoplasmic reticulum. Previous studies show that PLNKO mice exhibit 
hypercontractility with no change in morphology or heart rate, no alterations in 
myofilament Ca2+ sensitivity, and myosin ATPase activity [26]. Results show that 
PLN ablation in the TPMα180 mice rescues cardiac function and morphological 
abnormalities for up to one year [25]. There was a reversal of the cardiac hypertro-
phy, fibrosis, and abnormal physiological function in these rescued mice. This work 
shows that by modulating sarcoplasmic reticulum calcium cycling, many of the 
deleterious aspects of HCM caused by a mutation in the thin filament protein TPM 
can be reversed.

We investigated whether oxidative myofilament modifications can reverse the 
diastolic dysfunction associated with HCM. The TPMα180 hearts display early 
signs of oxidative stress in the form of increased oxidative modifications of myosin 
binding protein C and activation of the MAPK signaling cascade. We hypothesized 
that treatment with the glutathione precursor N-acetylcysteine (NAC) may reverse 
the oxidative stress in the TPMα180 mice and improve the cardiomyopathic condi-
tion and diastolic dysfunction. To address this, NAC was administered for 30 days 
to control and TPMα180 mice. After NAC administration, the morphology, diastolic 
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dysfunction, and myofilament Ca2+ sensitivity of the TPMα180 mice was similar to 
controls, indicating that NAC had reversed the abnormal pathology and physiology 
associated with HCM [27]. These studies indicate that oxidative myofilament modi-
fications are an important mediator in diastolic function which can be of potential 
use in the treatment of HCM.

TPM is phosphorylated at a single site in the protein, located at the penultimate 
amino acid, serine 283. To address the significance of TPM phosphorylation, we 
generated transgenic mice where this serine residue is exchanged for alanine [28, 29]. 
These transgenic mice (S283A) exhibit a compensated hypertrophic response with 
significant increases in SERCA2a expression and phosphorylation of PLN. Having 
obtained these results, we postulated that decreasing TPMα phosphorylation may 
be beneficial in the context of a chronic, intrinsic stressor, such as HCM. To test this 
hypothesis, we generated mice expressing both the TPMα180 and S283A mutations 
and found the HCM phenotype was rescued [29, 30]. The double mutant transgenic 
mice exhibit no signs of HCM, displayed improved cardiac function, and have nor-
mal myofilament Ca2+ sensitivity. Changes in Ca2+ handling proteins may be respon-
sible for the improved functional performance found in the double transgenic hearts. 
Also, changes in local flexibility of the TPM molecule conferred by the replacement 
of the Serine residue with an Ala residue in the S283A mice, and the significant loss of 
phosphorylation, may be responsible for the restoration of TPM to proper flexibility. 
Structural alterations in actin-TnT-TPM protein interactions could play a vital role, 
however, the precise mechanism whereby decreased TPM phosphorylation rescues 
the HCM phenotype remains to be elucidated.

6. TPM and DCM

DCM, a disease often associated with heart failure, is characterized by depressed 
systolic function, cardiomegaly, and ventricular dilation. As mentioned previ-
ously, DCM is caused by a variety of conditions, including idiopathic, viral and 
cardiotoxins. Mutations in genes associated with DCM include sarcomeric proteins, 
the cytoskeleton, and the sarcolemma. Sarcomeric protein genes that harbor DCM 
mutations include α- and β-myosin heavy chain, myosin binding protein C, actin, 
TPM, troponin T, I, and C, desmin, vinculin, and muscle LIM protein (Table 1).

TPM mutations known to cause DCM are located throughout the TPM1 gene, 
from the 5′ to 3′ end of the associated transcript (Table 2). Some of the correspond-
ing amino acid changes are positioned in the inner regions of the TPM coiled-coil 
dimer where electrostatic charge interactions between specific amino acids may 
alter the TPM dimerization and/or binding to actin [31]. These non-conserved 
amino acid substitutions are thought to disrupt force transmission through the 
sarcomere leading to DCM.

To investigate the structural and physiological consequences of known DCM 
mutations in TPM with cardiac morphology and performance, we generated 
the first mouse model of a sarcomeric thin filament protein that leads to DCM 
(TPMαGlu54Lys) [32]. As with the transgenic HCM mice that were generated, 
the increase in transgenic TPM protein expression led to a reciprocal decrease in 
endogenous wildtype TPMα levels, with the total myofilament TPM levels remain-
ing unchanged. Also, since there is 100% amino acid identity between human and 
mouse TPM, the Glu54Lys DCM mutation is the same manifest in human DCM 
patients. Histological and morphological analyses of these transgenic mice revealed 
development of DCM with progression to heart failure, and death often ensuing 
by 6 months (Figure 2) [32]. Echocardiographic analyses confirmed the dilated 
phenotype of the heart with significant decreases in left ventricular fractional 
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shortening. There was also impaired systolic and diastolic function, coupled with a 
decreased Ca2+ sensitivity and tension generation in cardiac myofilaments. Results 
indicate the Glu54Lys mutation decreases TPM flexibility, which may influence 
actin binding and myofilament Ca2+ sensitivity. In summary, the pathological and 
physiological phenotypes exhibited by these mice are consistent with those seen in 
human DCM and heart failure patients.

Phosphorylation of cardiac sarcomeric and non-sarcomeric proteins play 
a major role in the regulation of the physiological performance of the heart. 
Phosphorylation of the thin filament proteins, such as troponin T and I, dramati-
cally affect myofilament Ca2+ sensitivity, along with systolic and diastolic function. 
Less is known about the physiological effect of TPM phosphorylation on cardiac 
performance. To address this issue, we generated transgenic mice having a phos-
phorylation mimetic substitution in the phosphorylation site of TPM (Ser283Asp) 
[33]. Previous work in our laboratory demonstrated that ablating the ability of 
TPM phosphorylation in transgenic mice (TPMαS283A) leads to a compensated 
physiological hypertrophy [28]. Our results show that high expression of the TPM 
Ser283Asp transgene leads to an increased heart:body weight ratio, coupled with 
a severe dilated cardiomyopathic phenotype resulting in death within 1 month 
of birth [33]. Moderate TPM Ser283Asp expression mice causes a mild myocyte 
hypertrophy and fibrosis, without affecting lifespan; physiological analysis revealed 
diastolic dysfunction, without changes in systolic performance. Surprisingly, there 
were no alterations in Ca2+ sensitivity of the myofibers, cooperativity, or calcium-
ATPase activity in the myofibers. This work revealed for the first time that constitu-
tive phosphorylation of TPM could result in a DCM phenotype with its severity 
dependent upon the extent of the posttranslational phosphorylation modification.

Studies demonstrate that during embryonic and fetal cardiogenesis, the murine 
heart expresses both TPMα and TPMβ isoforms, with the TPMα isoform being pre-
dominant in the adult heart [34–36]. During developmental, the ratio of TPMα:TPMβ 
changes from 5:1 to 60:1 in the embryonic to adult transition in the murine heart [36]. 
To address whether the TPMβ isoform could substitute for the TPMα protein, we 
generated transgenic mice that overexpressed TPMβ in the heart. Results show that 

Figure 2. 
Histopathology of DCM TPMα54 hearts. Masson trichrome staining of whole-heart longitudinal sections  
(i and ii) and cross sections (iii and iv) from 5-month-old NTG and moderate-copy TPMα54 mice; 
longitudinal sections (v and vi) and cross sections (vii and viii) from 1-month-old NTG and high-copy 
TPMα54 mice. Note the severe dilation of right and left ventricles in both the moderate and high-copy mice. 
Images in i through viii are all enlarged at the same magnification.
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with 60% TPMβ expression, there were no morphological changes in the heart [37]. 
However, there were physiological differences; although there were no systolic altera-
tions, diastole was impaired in both the time and rate of relaxation, coupled with an 
increase in myofilament Ca2+ sensitivity. Additional studies demonstrated that when 
the TPMβ transgene was expressed at high levels (80% TPMβ, 20% TPMα) in the 
heart, the mice developed a severe DCM phenotype and die with 14 days postpartum 
[38]. In these high expression TPMβ hearts, there is significant chamber dilation, 
thrombus formation in the atria and ventricles, and diastolic dysfunction.

An extension of the research on the high expression TPMβ mice entailed treat-
ment with cyclosporin and FK506, inhibitors of calcineurin. Calcineurin is a 
calcium-regulated phosphatase, which can initiate cardiac hypertrophy in hearts of 
transgenic mice that overexpress calcineurin [39]. Results show that treatment with 
cyclosporin or FK506 in various mouse models of cardiac hypertrophy, including 
the high expression TPMβ DCM mice, led to phenotypically rescued hearts [40]. 
This work suggests that in certain cases, inhibitors of calcineurin may play a poten-
tial therapeutic role in the treatment of heart disease.

There are 4 distinct tropomyosin genes, each one subject to alternative splicing 
which generates multiple isoforms of TPM. Our investigation into striated muscle 
TPM isoform content in the adult human heart found there is 92% TPMα1, 4% 
TPMβ, and 4% TPMα1κ [41]. TPMα1k is a unique human cardiac-specific TPM 
isoform which is normally not expressed in rodents [41, 42]. Additional studies show 
the associated protein is expressed and incorporated into organized myofibrils and 
that its level is increased in human dilated cardiomyopathy and heart failure patients 
[41]. To investigate the role of TPMα1κ in sarcomeric function, we generated trans-
genic mice overexpressing this cardiac-specific isoform. Incorporation of increased 
levels of TPMα1κ protein in myofilaments leads to DCM, coupled with systolic and 
diastolic dysfunction and decreased myofilament Ca2+ sensitivity [41, 43]. Additional 
biophysical studies demonstrate less structural stability and weaker actin-binding 
affinity of TPMα1κ protein compared with TPMα1. This functional analysis of 
TPMα1κ provides a possible mechanism for the consequences of the TPM isoform 
switch observed in DCM and heart failure patients.

7. Gene therapy approaches for repair of cardiomyopathies

Calcium plays a pivotal role in the regulation of muscle contraction and relax-
ation. As seen in the TPM mouse models, the HCM and DCM phenotypes all exhibit 
abnormalities in myofilament Ca2+ sensitivity and Ca2+ handling. As mentioned, 
when mice harboring a phospholamban (PLN) knockout are crossed with the HCM 
TPMα180 mice, the pathological phenotype is rescued from their offspring [25]. To 
extend our work, studies were conducted to more fully examine the role of cal-
cium and calcium-handling proteins in the development of HCM. To test whether 
improvements in the hypertrophic phenotype can be achieved through increased 
Serca2 expression, the HCM TPMα180 mice were treated with exogenous Serca2a, 
the protein involved in sequestering calcium from the cytoplasmic space into the 
sarcoplasmic reticulum [44, 45]. We implemented a gene transfer approach using 
an adenoviral vector to express Serca2a in HCM TPMα180 hearts. Results showed 
that injection of a single dose improved heart morphology and cardiac function. 
As the mice aged, there was a significant decrease in heart:body weight ratio, and a 
decrease in fibrosis when compared with controls. Additional work demonstrated 
that parvalbumin, a calcium buffer, may also play a role in ameliorating HCM; 
when parvalbumin transgenic mice were crossed with HCM TPM1α180 mice, there 
was improvement in cardiovascular performance [45, 46].
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With improvements in cardiac morphology and performance in the HCM and 
DCM mouse models that occur with modification in calcium handling proteins, 
therapeutic gene therapy trials in patients utilizing Serca2a expression as a poten-
tial treatment for cardiac disease were initiated. Using adeno-associated viruses 
to drive extended Serca2a expression, Phase 2 studies were conducted in patients 
with advanced heart failure [47, 48]. Results show there was a striking reduction in 
cardiovascular events that persisted through the 36 months of follow-up compared 
to patients who received the placebo. Additional work in this area is in progress.

Recently, investigators have examined the potential of the C-terminal end pep-
tide of troponin I as a novel reagent to selectively facilitate cardiac muscle relaxation 
[49]. This is a highly conserved protein fragment across numerous vertebrate species. 
Protein binding studies found that this terminal fragment retains its binding affinity 
for TPM similar to intact cardiac troponin I. Addition of this fragment to skinned 
cardiac muscle preparations reduces myofibril Ca2+ sensitivity without decreas-
ing maximum force production. Using this short peptide, studies were initiated to 
address whether it would be of therapeutic value in the treatment of HCM [50]. 
Recent work demonstrates that myofilament Ca2+ sensitivity isolated from TPMα180 
hearts exhibit a more normalized decrease in myofilament Ca2+ sensitivity when 
treated with the C-terminal troponin I fragment. This demonstrates the C-terminal 
peptide of troponin I as a potential therapeutic reagent for the treatment of diastolic 
dysfunction in the heart.

There is no scientific doubt that CRISPR-Cas9-base targeting has revolutionized 
how research is being conducted. With the ability to modify genomes, there is the 
potential to conduct precise gene-editing in animal models along with correcting 
human disease mutations. With respect to cardiomyopathic diseases, Ma et al. 
corrected a human heterozygous germline HCM mutation in the myosin binding 
protein C gene using the CRISPR-Cas9 system [51]. This targeting strategy was 
employed on preimplantation human embryos; following targeting, the embryos 
were genetically analyzed for correctly targeted nucleotide changes and then 
allowed to develop to the 8-cell stage. Results show that over 50% of blastomeres 
were correctly targeted, but used the wildtype allele as the correcting genetic 
template. This work demonstrates that CRISPR has the potential for usage as a 
corrective therapeutic system of heritable mutations; however, additional research 
needs to be conducted and ethical considerations need to be addressed.

8. Lessons learned from TPM

Many lessons have been learned about HCM and DCM in the examination and 
usage of TPM and associated mouse model systems [52, 53]. Multiple mutations 
within the TPM1α gene lead to HCM and DCM. Surprisingly, for both disease 
conditions, the mutations are scattered throughout the gene, and are not confined 
to one or two specific regions or domains. The severity of the disease phenotype 
appears dependent upon the specific mutation, modifying genes, and environmen-
tal factors. The genetic animal models of HCM and DCM TPM mutations accurately 
reflect the disease process with respect to structural and functional abnormalities 
as they occur in humans. For HCM, the thickening of the left ventricular wall and 
interventricular septum with significant fibrosis is pronounced in these animal 
models. For DCM, the thinning of the ventricular walls and dilation of the ventricu-
lar cavities reflect the pathological features observed in patients. For both HCM 
and DCM, the functional abnormalities in systole and diastole are similar to those 
experienced by patients. More importantly, these basic research studies have been 
translated into potential therapeutic modalities, especially for investigations into 
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the usage and modification of calcium-handling proteins as treatments of cardio-
vascular disease. Expansion of potential treatments utilizing phosphatases and 
kinases, along with sarcomeric protein peptides, may also prove beneficial for the 
treatment of specific cardiovascular conditions. An area of future expansion will 
be to focus on the identification and modification of protein expression for genes 
which are signaling agents for the development of cardiac HCM, DCM, and heart 
failure.
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Abstract

Over the past decade, cardiomyopathy has become the leading cause of  mortality 
among patients with Duchenne muscular dystrophy (DMD). The majority of DMD 
patients over the age of 18 experience some degree of cardiac involvement. The 
primary cardiac manifestations of DMD include progressive left ventricular (LV) 
wall stress leading to LV dilatation and wall thinning, and the development of 
cardiac fibrosis, all of which culminate in decreased LV contractility and reduced 
cardiac output. Mortality in these patients is predominantly related to pump failure 
and fatal arrhythmias leading to sudden cardiac death. While basic guidelines for 
the management of cardiomyopathy in DMD patients exist, these recommendations 
are by no means comprehensive, and this chapter aims to provide further insight 
into appropriate clinical diagnosis and management of DMD-associated cardiomy-
opathy. Notably, earlier and more frequent cardiac assessment and care can allow 
for better outcomes for these patients. Pharmacological treatments typically include 
an angiotensin-converting enzyme inhibitor or angiotensin II receptor blocker, 
beta-adrenergic receptor blockers, mineralocorticoid receptor antagonists, and 
corticosteroids. Non-pharmacological therapies include automated implantable 
cardioverter defibrillators and left ventricular assist devices, as well as in rare cases 
cardiac transplantation. Additionally, many emerging therapies show great promise 
for improving standards of care. These novel therapies, based primarily on applied 
gene therapy and genome editing, have great potential to significantly alter the 
DMD care landscape in the near future.

Keywords: DMD-associated cardiomyopathy, Duchenne muscular dystrophy, 
dystrophinopathy, heart failure

1. Introduction

Duchenne muscular dystrophy (DMD) is a progressive neuromuscular disor-
der diagnosed during childhood and characterized by skeletal muscle wasting, 
diaphragmatic weakness and scoliosis resulting in chronic restrictive lung disease, 
and progressive cardiomyopathy. As an X-linked recessive disorder, DMD dispro-
portionately impacts males compared to females and affects approximately 1 in 
every 3500 to 5000 live male births [1–3]. The disease is caused by mutations in the 
dystrophin gene located on the Xp21 chromosome, resulting in a lack of a functional 
dystrophin protein [4, 5]. While other dystrophinopathies result in a truncated but 
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partially functional dystrophin protein, the total absence of functional dystrophin 
protein in DMD patients leads to a myriad of devastating clinical outcomes.

Over the past several decades, significant progress has been made in treating and 
managing many of the complications in DMD. Although respiratory failure was his-
torically the leading cause of morbidity and mortality in this population, advance-
ments in nocturnal ventilatory support and spinal stabilization therapy have 
dramatically improved clinical outcomes and increased the average life expectancy 
of DMD patients [6]. As a result, more patients are living into adulthood where 
cardiomyopathy begins to manifest and now accounts for the majority of deaths 
[1, 4, 6, 7]. Although there is ongoing research in gene therapy and genome editing 
techniques to improve skeletal muscle function in DMD patients, cardiomyopathy 
among DMD patients remains a problem of paramount clinical significance, with 
the current focus on reducing cardiac involvement and mitigating the effects of the 
cardiomyopathy. This chapter will highlight the genetic and molecular pathology 
underlying DMD and provide insight into the clinical manifestations, diagnosis, 
treatments, and therapies for DMD-associated cardiomyopathy.

2.  Genetics and the molecular basis underlying cardiac dysfunction in 
Duchenne muscular dystrophy

The dystrophin gene is the largest protein-coding gene in the human genome at 
2.5 Mb, located on chromosome Xp21.1 [1, 5, 8]. With 79 exons and a 14-kb encod-
ing transcript, the gene has four promoters which produce different isoforms of 
the dystrophin protein in various organs, but primarily in skeletal muscle, cardiac 
muscle, and the brain (Figure 1A) [8]. Frame shift mutations resulting in deletions 
of one or more exons of the gene are the most common cause of DMD, accounting 
for at least 65-75% of DMD cases [9, 10]. Duplications, deep intronic changes, non-
sense mutations, and missense mutations can also disrupt dystrophin expression 
and lead to DMD [9], though these mutations occur less commonly. The phenotypic 
manifestations of DMD occur when these mutations result in a complete lack of 
functional dystrophin protein. While most instances of DMD are inherited, around 
30% of cases are caused by spontaneous mutations in the gene [1, 11].

The dystrophin protein plays an integral role in maintaining myocyte membrane 
stability, connecting the dystrophin-associated glycoprotein complex (DGC) to the 
intracellular contractile apparatus and extracellular matrix of the cell (Figure 1B)  
[1, 4, 12, 13]. An absence of dystrophin protein destabilizes this complex and 
promotes sarcolemmal fragility. In the skeletal muscle of DMD patients, this leads 
to the loss of the majority of the DGC. In contrast, cardiac muscle retains the 
remainder of the DGC despite the absence of dystrophin. Despite these pathophysi-
ological differences, both skeletal and cardiac muscle are drastically impacted by 
the absence of dystrophin protein. Specifically, in cardiac muscle the absence of 
dystrophin impacts the ability of myocytes to function properly and leads to many 
secondary pathophysiological mechanisms of cell degradation [1, 4, 14].

One such mechanism contributing to myocyte degradation involves the disrup-
tion of ion gradients. As the myocyte membrane weakens due to the absence of 
dystrophin, calcium passively leaks through the membrane; the activation of sarco-
lemmal stretch-activated channels during myocyte contraction causes intracellular 
calcium levels to further increase [4, 15]. Additionally, transient receptor potential 
(TRP) channels and L-type calcium channels (LTCC) have been shown to contrib-
ute to increased intracellular calcium in DMD murine studies [16–18]. Increased 
intracellular calcium ultimately results in myocyte degradation through two distinct 
pathways. First, electrical and contractile activities of myocytes are interrupted by 
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the inappropriate influx of calcium, promoting proteolytic activity via proteolytic 
enzymes and calpains, which eventually leads to cell death [15–17]. A secondary 
degradation pathway is triggered when excess cytosolic calcium begins to accumu-
late inside mitochondria, resulting in mitochondrial swelling and dysfunction that 
triggers separate apoptotic pathways [17]. Cardiac physiological studies on DMDmdx 
mice have demonstrated elevated levels of mitochondrial calcium and mitochon-
drial swelling, leading to a disruption in mitochondrial ATP production in DMDmdx 
hearts long before any fibrotic changes or reductions in left ventricular (LV) systolic 
function are detectable [4, 15–17].

In addition to calcium gradient disruption, increased generation of reac-
tive oxygen species (ROS) and nitric oxide dysregulation also contribute to the 
development of DMD-associated cardiomyopathy. NADPH oxidase 2 (NOX2) is 
a membrane-bound isoform of the NOX enzyme, and it is the suspected source 
of increased ROS production in DMD patients. Elevated expression of NOX2 
has been demonstrated in studies of both skeletal muscle and cardiomyocytes 
of DMDmdx mice [19]. It has additionally been speculated that ROS produced by 
NOX2 may contribute to calcium leakage from the sarcoplasmic reticulum leading 
to mitochondrial dysfunction [4, 19, 20]. Activation of NOX2 leads to the produc-
tion of an extracellular superoxide, which is then converted to hydrogen peroxide 
(H2O2). H2O2 is able to permeate through the myocyte membrane and results in the 
oxidation of various intracellular macromolecules, eventually leading to secondary 

Figure 1. 
Dystrophin structure and cellular location within a myocyte. (A) the dystrophin gene map composed of 79 
exons and the essential regions highlighted in various colors. (B) Schematic of the dystrophin-associated 
glycoprotein complex (DGC). Adapted from Zhang et al. Physiolo. Rev 2018 98:1205-1240.
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pathways contributing to cell death [4, 21]. Finally, angiotensin II receptor type I 
(AT1R) is believed to be involved in redox pathways involving the stimulation of 
NADPH oxidases, such as NOX2, and so the overproduction of ROS can lead to the 
overstimulation of AT1R. These events lead to further oxidative stress resulting in 
increased cardiomyocyte cell death [21].

Nitric oxide synthases (NOS) are a family of enzymes that catalyze the produc-
tion of nitric oxide. There are three isoforms of NOS: neuronal NOS, endothelial 
NOS, and inducible NOS. In skeletal muscle, dystrophin interacts with neuronal 
NOS to control vasculature [22]. The relationship between dystrophin and NOS 
is less clear in the myocardium, especially since all three isoforms of NOS are 
expressed within cardiomyocytes and the molecular mechanisms and interactions 
have not been well elucidated to date [4]. It is speculated that NOS may play a simi-
lar role in cardiomyocytes as in skeletal muscle, and that in affected DMD patients 
nitric oxide diffusion is impaired. Researchers believe that inducible NOS may play 
a key role in the development of cardiac dysfunction in DMD, since its expression 
is high in immune cells and studies have found elevated inducible NOS levels and 
decreased neuronal NOS levels in cardiac tissue, while endothelial NOS levels and 
activity were reported to remain fairly constant [4, 22].

Collectively, these mechanisms involving altered ion gradients, mitochondrial 
dysfunction, and impaired nitric oxide activity contribute to pathways that promote 
cardiomyocyte dysfunction and cell death. The inflammatory responses to these 
processes ultimately lead to the development of myocardial fibrosis and maladap-
tive ventricular remodeling [9, 23]. Fibroblasts, endothelial cells, immune cells, 
and cardiomyocytes all contribute to the development of fibrosis by promoting 
profibrotic cytokines and chemokines. Fibrotic infiltration typically begins in the 
posterobasal and lateral left ventricular walls [4, 23]. As cardiomyocytes undergo 
apoptosis, they are replaced by the extracellular matrix (ECM). Subsequently, 
matrix metalloproteinases promote the degradation of ECM proteins, including 
collagen [24]. The increase in cytokines, chemokines, and degraded ECM debris 
stimulates an immune response, attracting neutrophils and macrophages which 
eventually leads to myocardial scarring and fibrotic patches [4, 24]. In the heart, 
LV volume and wall stress progressively increase as fibrotic tissue causes thinning 
and stretching of the ventricular walls, decreasing contractility and cardiac output. 
These processes eventually lead to either clinically decompensated heart failure, 
pump failure, and/or sudden cardiac death due to ventricular arrhythmias [4, 9, 23].

3. Clinical manifestations and diagnosis

Initially, DMD presents very early in childhood and therefore it is paramount 
to diagnose and initiate treatment as early as possible. Symptoms of DMD can 
arise in patients as young as three years of age and typically involve progressive 
muscle weakness, often manifesting as difficulty with ambulation, gait instability, 
difficulty climbing stairs, and enlarged calf muscles (or calf pseudohypertrophy). 
Additional presenting symptoms include scoliosis with or without back pain, 
fatigue, dyspnea secondary to diaphragmatic muscle weakness and/or cardiomy-
opathy, and arrhythmias [4, 25, 26]. The Gower’s sign, the act of a child using their 
hands to help prop themselves up into a standing position, is also a very common 
indicator of DMD [9, 25, 26]. These signs and symptoms suggest the possibility of 
underlying DMD and necessitate further diagnostic testing.

Key initial diagnostic tests include measurements of serum creatine kinase 
(CK) and liver transaminases (such as alanine aminotransferase, aspartate amino-
transferase) [27]. When levels of these biomarkers are elevated, DMD should be 
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suspected, and confirmatory genetic testing should be pursued. Genetic analysis via 
multiplex ligation-dependent probe amplification (MLPA) and genetic sequencing 
can help verify the presence and type of neuromuscular disorder [9, 27]. This is a 
critical step in diagnosis and is essential in informing which genetic therapies might 
be viable therapeutic options. On occasion, genetic testing yields no mutations in 
the DMD gene, or false negatives. In these instances of strong clinical suspicion 
of DMD with negative genetic test results, a muscle biopsy should be performed 
to assess for the absence of the dystrophin protein by immunohistochemistry [9]. 
Diagnosis of DMD occurs once genetic analysis and/or the biopsy confirms the 
absence of DMD.

However, diagnosing cardiac involvement in DMD is somewhat more challeng-
ing. Many of these patients are wheelchair-dependent and non-ambulatory well 
before adulthood, and as a result, patients are often asymptomatic until they have 
developed advanced disease [9, 28]. Studies report that approximately 25% of DMD 
patients develop cardiomyopathy by 6 years of age, and that percentage grows to 
almost 60% by age 10 [9, 29, 30]. Progression of cardiomyopathy often accelerates 
as patients age and nearly all DMD patients are expected to have clinical cardiac 
involvement by age 18 [7, 30]. Recognition and treatment of cardiomyopathy 
early in the disease course correlate with improved outcomes and more favorable 
ventricular remodeling, rendering it crucial to identify cardiac involvement as 
early as possible [1, 9, 23]. For this reason, guidelines strongly suggest including 
a cardiologist as a member of the care team from disease onset [4, 25, 31]. The 
2018 DMD Care Considerations, presented by the Center for Disease Control and 
Prevention, recommends that cardiac care and assessment are essential at the time 
of diagnosis [25, 31]. While previous guidelines have recommended consulting 
with cardiologists every two years, it is now strongly recommended that DMD 
patients receive cardiac assessment and screening at least every year starting from 
 diagnosis [25, 31].

Development of myocardial fibrosis along with ventricular dilation reflects 
myocyte destruction and progression in the underlying cardiomyopathy. Fatigue, 
nausea, dyspnea, palpitations, tachycardia, and chest discomfort may all represent 
symptomatic manifestations of DMD-associated cardiomyopathy, though many 
patients remain asymptomatic until later stages in life [31]. Therefore, the use of 
standard cardiac tools as well as high fidelity cardiac imaging are essential to accu-
rately diagnose cardiac involvement in patients with subclinical disease [1, 25].

Electrocardiograms (ECG) should be among the first tests performed, and 
results are often abnormal in DMD patients, correlating with morphological 
changes in cardiac muscle [23]. Screening ECG usually reveals tall R waves and deep 
Q wave irregularities in the anterolateral leads, which typically suggest lateral wall 
scarring (Figure 2A–C) [29, 32].

The ECG may be suggestive of cardiac involvement; however, cardiac imaging 
is essential to diagnose and monitor progression of cardiac involvement in DMD 
patients. While echocardiography has been a mainstay in diagnostic cardiac imaging 
for years, studies in patients with DMD have demonstrated that echocardiograms 
often underestimate both LV cavity volume and function and are much less sensi-
tive compared to cardiac magnetic resonance imaging (cMRI) in detecting wall 
motion abnormalities and overall cardiac function [9, 25, 32]. cMRI has been shown 
to be more accurate in assessing cardiac abnormalities in the setting of altered body 
habitus in DMD patients due to scoliosis, and it is considered the gold standard 
for cardiac imaging in DMD patients [25, 32]. The presence of late gadolinium 
enhancement (LGE) on cMRI indicates various degrees of myocardial inflamma-
tion, fibrotic scarring, and myocyte damage [25, 32]. In addition, LGE is often 
present before there is any clinically detectable deterioration in cardiac function or 
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symptoms of cardiomyopathy [25, 32]. When LGE is present, its distribution and 
change over time can be particularly effective in tracking cardiomyopathy progres-
sion [25, 32]. Finally, cMRI provides the most sensitive assessment of cardiac size, 
mass, and function, which can similarly be serially monitored to assess for progres-
sion of cardiac damage and response to medical therapy. Current DMD guidelines 
recommend a baseline cMRI to be performed between 8 and 10 years of age and 
repeated approximately every 2 years thereafter [25, 31]. Figure 3 depicts represen-
tative cMRI images in a DMD patient and an age-matched healthy control patient.

In cMRI, the technique of strain imaging has also been shown to be highly 
sensitive in gauging LV ejection fraction (LVEF) and cardiac dysfunction, especially 
when circumferential strain imaging is used [33]. Deviations in strain imaging can 
be indicative of cardiac dysfunction, and these abnormalities are common in DMD 
patients, even when LVEF measures are normal. Use of cMRI strain imaging, along 

Figure 2. 
ECG changes at various stages of DMD-associated cardiomyopathy. (A) DMD patient with normal cardiac 
function. (B) DMD patient with moderate LV systolic dysfunction. (C) DMD patient with severe LV systolic 
dysfunction and biventricular heart failure.

Figure 3. 
Structural differences in DMD-associated cardiomyopathy. Representative 4-chamber cMRI images in  
(A) a DMD patient and (B) a healthy age-matched control patient.
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with the presence of LGE, can provide valuable diagnostic and prognostic informa-
tion about a patient’s cardiac condition beyond simple measurements of contractile 
function [9, 33].

While cMRI has become the preferred imaging modality in DMD patients, there 
are still barriers to widespread adoption and utilization of cMRI. High procedural 
cost limits accessibility of cMRI, and the procedure can be challenging for younger 
patients and patients with claustrophobia [1, 25]. Furthermore, muscular weakness, 
spinal abnormalities, and restrictive lung disease can often make it difficult to fully 
assess cardiac structure and function using any of the available imaging techniques, 
but especially echocardiogram (ECHO) [9, 25, 32]. Therefore, if a cMRI can not be 
obtained the next ideal cardiac imaging tool that can be used is a cardiac CT scan 
with IV contrast, followed by 3D-ECHO with contrast.

The need for comprehensive cardiovascular assessment in DMD patients is 
undisputed, but there is also a significant risk for cardiovascular disease in DMD 
carriers [9, 25]. Mothers and sisters of patients who have been diagnosed with DMD 
should undergo both genetic testing to determine carrier status and evaluation by 
a cardiologist, preferably a heart failure specialist, to determine presence of heart 
disease. Recent studies have shown an increased risk of cardiac involvement in 
approximately 50% of DMD carriers, despite the presence of a functional DMD 
gene [9, 23, 34, 35]. For this reason, mothers and sisters of patients who have been 
diagnosed with DMD should undergo both genetic testing to determine carrier 
status and evaluation by a cardiologist, preferably a heart failure specialist, to 
determine presence of heart disease.

4. Pathophysiology underlying DMD-associated cardiomyopathy

Prior studies of DMD patients have demonstrated early cardiac involvement, with 
cardiac manifestations present in approximately 25% of DMD patients by 6 years of 
age and nearly universal cardiac involvement by 18 years of age [29, 30, 36]. These 
DMD patients go on to develop progressive cardiomyopathy as loss of dystrophin 
within cardiomyocytes results in ongoing cell death, leading to cardiac fibrosis and 
impaired cardiac function.

The pathologic mechanism underlying heart failure in the DMD population has 
not been fully elucidated. It is proposed that pathologic remodeling of the heart 
occurs as a result of both structural and metabolic abnormalities [37]. The mecha-
nism underlying both ischemic and non-ischemic cardiomyopathy is the develop-
ment of pathological cardiac hypertrophy, which eventually leads to paradoxical 
maladaptive cardiac remodeling [38]. Overtime, this compensatory mechanism 
fails and leads to cardiac dilatation and clinical heart failure [38]. Today, significant 
strides have been made in treating congestive heart failure (CHF), particularly 
systolic heart failure. Blockade of the renin-angiotensin-aldosterone system and 
inhibition of sympathetic activation have largely been the primary modes of 
treating a cardiomyopathy and inducing reverse cardiac remodeling. At least in 
non-ischemic cardiomyopathy patients on optimal medical therapy, approximately 
one third of patients will achieve normalization of the LV ejection fraction (LVEF), 
one third of patients will have improvement in the LVEF and the latter one third of 
patients will have progression in the LVEF requiring assessment for advanced heart 
failure therapies [i.e. implantation of a LV assist device (LVAD) or a heart trans-
plantation]. Thus, the standard of care for treatment of a cardiomyopathy is based 
on the development of pathological cardiac hypertrophy, which eventually leads to a 
dilated cardiomyopathy when left untreated. This approach to treating a cardiomy-
opathy has been extrapolated to the treatment of DMD-associated cardiomyopathy.
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Although pathological cardiac hypertrophy has been assumed to be the primary 
mode of maladaptive cardiac remodeling in DMD-associated cardiomyopathy, clini-
cal data suggests the use of guideline-directed medical therapy is not as effective in 
DMD-associated cardiomyopathy as it has been in other forms of cardiomyopathy 
with a reduced ejection fraction. Despite the increasing utilization of current 
standard of care heart failure therapies and device therapies, DMD-associated 
cardiomyopathy poses greater morbidity and mortality than other dilated cardio-
myopathies and remains the leading cause of mortality in the DMD population [32]. 
Accordingly, the mechanism of maladaptive cardiac remodeling has been increas-
ingly called into question. A cMRI study recently completed at UT Southwestern 
Medical Center suggests that adult DMD patients have small, atrophic hearts 
as compared to age-matched and weight-matched patients with non-ischemic 
cardiomyopathy or healthy patients enrolled in the Dallas Heart Study and this 
manuscript is currently under scientific review [39]. In an effort to further eluci-
date the mechanism leading to cardiac remodeling in DMD patients, the Mammen 
Laboratory at UT Southwestern Medical Center has discovered a proliferative defect 
in cardiomyocytes lacking dystrophin as early as four days postnatally in DMDmdx 
mice. This work was presented at the 2019 American Heart Association Scientific 
Sessions meeting and the manuscript is also currently under scientific review [40]. 
The mechanism into how a proliferative defect within neonatal DMD cardiomyo-
cytes leads to the eventual development of a DMD-associated cardiomyopathy in 
adult DMD patients is actively being investigated. These studies provide supportive 
data that the mode of maladaptive cardiac remodeling leading to DMD-associated 
cardiomyopathy, as illustrated in Figure 4, may be substantially different as 
compared to the mechanisms underlying non-ischemic cardiomyopathies. Once the 
signaling pathways governing these processes are better understood, appropriate 

Figure 4. 
Proposed mode of maladaptive cardiac remodeling leading to DMD-associated cardiomyopathy.
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targets for pharmacotherapy can be identified and allow for the development of 
novel drugs that can substantially improve the overall morbidity and mortality in 
the DMD population.

5. Management and treatment of DMD-associated cardiomyopathy

The majority of current therapies for DMD-associated cardiomyopathy col-
lectively induce reverse cardiac remodeling and alleviate symptoms of the disease. 
Recent guideline documents have attempted to shift the focus of care to more proac-
tive measures over the past decade [9, 25, 32, 41, 42]. These treatments include both 
pharmacological and non-pharmacological approaches.

5.1 Pharmacological treatments

The four major drug classes used to treat DMD-associated cardiomyopathy 
include angiotensin-converting-enzyme (ACE) inhibitors or angiotensin II recep-
tor blockers (ARB), beta-adrenergic receptor blockers, mineralocorticoid receptor 
antagonists (MRA), and corticosteroids (Table 1).

ACE-inhibitors are a first line class of medications used to treat DMD-associated 
cardiomyopathy [1, 43]. Studies have shown that the use of ACE-inhibitors in 
DMD patients specifically can delay the onset and progression of DMD-associated 
cardiomyopathy [23, 43, 44]. In addition, teenage DMD patients started on a 
beta-blocker and an MRA along with an ACE-inhibitor have significantly increased 
LVEF compared to untreated control subjects [43, 45]. Therefore, as outlined in 
the 2017 scientific statement by the American Heart Association, as well as by the 
DMD Care Considerations Working Group in 2018, it is strongly recommended that 
all DMD patients should be treated with an ACE-inhibitor beginning by the age of 
10, regardless of the presence of LV dysfunction [4, 41, 43, 46]. However, at the 
discretion of the physician and the family, an ACE-inhibitor may be started earlier 
depending on the results of cMRI studies [25, 32, 46]. The most commonly pre-
scribed ACE inhibitors in this population include enalapril and lisinopril [4, 43, 44].

Drug Class Examples

Beta-Adrenergic Receptor Blockers Carvedilol, Metoprolol Succinate, Bisoprolol

Angiotension-Converting-Enzyme Inhibitors Perindopril, Enalapril, Lisinopril

Angiotension II Receptor Blockers Candesartan, Losartan, Valsartan

Mineralocorticoid or Aldosterone Receptor Antagonists Spironolactone, Eplerenone

Steroids Prednisone, Deflazacort

Angiotension II Receptor-Neprilysin Inhibitor Sacubitril/Valsartan

Vasodilators Isosorbide Dinitrate/Hydralazine

Diuretics Furosemide, Bumetanide, Torsemide

Cardiac Glycosides Digoxin

Sodium-Glucose Co-Transporter-2 Inhibitors Canagliflozin, Dapagliflozion, 
Empagliflozin

Hyperpolarization-Activated Cyclic Nucleotide-Gated 
Channel Blockers

Ivabradine

Table 1. 
Pharmacological medications used in the treatment of DMD-associated cardiomyopathy.
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While ACE-inhibitors are still widely prescribed, their use may be limited by side 
effects in certain patients, including dry cough and the development of hyperkalemia. 
The use of an ARB is an effective and safe alternative medication to an ACE-inhibitor 
and its mechanism of action is also mediated by inhibiting the renin-angiotensin 
aldosterone signaling pathway [4, 23]. Thus, ARBs are often prescribed as alterna-
tive cardioprotective class of medications in DMD patients who experience adverse 
reactions to ACE-inhibitors [1, 47, 48]. These data are in line with large double-blind 
randomized clinical trials looking at the efficacy of ARBs versus ACE-inhibitors in 
patients with either non-ischemic or ischemic cardiomyopathies [49].

MRAs are another class of medications that have been shown to have beneficial 
effects specifically in DMD-associated cardiomyopathy. The combined use of a 
MRA and an ACE-inhibitor has been shown to improve cardiac function in DMD 
patients in a randomized clinical trial [1, 4, 23]. In particular, eplerenone adminis-
tered in conjunction with an ACE-inhibitor has been demonstrated in a clinical trial 
to significantly decrease ventricular circumferential strain in the treatment group 
compared to placebo [4, 50]. While spironolactone is a more potent MRA, eplere-
none interferes less with the androgen receptor and has a more favorable side effect 
profile as compared to spironolactone [4].

Beta-adrenergic receptor blockers are another drug class frequently utilized 
in treating DMD-associated cardiomyopathy. Beta blockers, are commonly used 
in conjunction with ACE-inhibitors/ARBs and MRAs to improve clinical cardiac 
outcomes and induce reverse cardiac remodeling in DMD [4, 23]. Although there is 
no double blind clinical trial demonstrating the beneficial effects of combination 
therapy in DMD-associated cardiomyopathy, there are several non-randomized 
clinical studies in the DMD population supporting the use of combination therapy 
[51–54]. In one particular study, survival rates of those on carvedilol was found 
to be higher than the control group, data consistent with many large randomized 
clinical trials on the beneficial effects of beta-blockers [55]. The beneficial effects 
of this combinatorial therapy are both additive as well as synergistic in regards to 
inducing reverse cardiac remodeling and delaying cardiomyopathy progression in 
DMD-associated cardiomyopathy [23].

Corticosteroids are also very commonly used in DMD patients to improve ambula-
tion, and are initiated early in the disease course, typically between 2 to 5 years of age 
[56–58]. Corticosteroids are primarily used to manage skeletal muscle wasting and are 
intended to improve muscle strength and ambulatory capacity in DMD patients [56]. 
However, long-term corticosteroid use is associated with significant adverse effects in 
DMD patients, including delayed puberty, decreased bone density, weight gain, devel-
opment of type II diabetes, and risk of developing systemic infections [42, 59–61]. A 
recent retrospective study, revealed DMD patients on a corticosteroid had a higher 
LVEF and greater chance for survival, though study limitations prevent one from 
drawing a direct correlation between corticosteroid use alone and mortality benefit 
given the confounding effect of co-administration of ACE-inhibitors in this study [62]. 
Further research is warranted to determine whether the clinical benefit of continued 
corticosteroid therapy outweighs the known significant side effect profile. Current 
guidelines recommend continuation of corticosteroid therapy except in patients who 
develop severe systemic infections or clinically significant osteoporosis [42, 60, 61].

Digoxin, a cardiac glycoside, comprises another class of medications used to 
treat DMD-associated cardiomyopathy. Digoxin has been used in conjunction 
with beta-adrenergic receptor blockers, ACE-inhibitors/ARBs, MRAs, and corti-
costeroids to reduce morbidity associated with DMD-associated cardiomyopathy 
[23, 63]. However, digoxin has fallen out of favor recently due to its adverse side 
effect profile and the lack of available data demonstrating clear clinical mortality 
benefit of digoxin administration in DMD patients [23].
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Other guideline directed therapies for heart failure (i.e. diuretics, isosorbide 
dinitrate/hydralazine, ivabradine, sacubitril/valsartan, and sodium-glucose 
co-transporter-2 inhibitors) have been shown to reduce morbidity and in some 
cases also mortality in patients with non-ischemic and ischemic cardiomyopathies 
(Table 1) [49, 64, 65]. The use of these medications in the treatment of DMD-
associated cardiomyopathy have not yet been studied, so the impact on morbidity 
and mortality is unclear in the setting of DMD patients. However, some of these 
medications are being judiciously used in select DMD patients with progressive, 
refractory DMD-associated cardiomyopathy.

5.2 Non-pharmacological treatments

As is the case in the treatment of non-ischemic cardiomyopathy, a number of 
non-pharmacological therapies exist for the treatment of DMD-associated cardio-
myopathy. These therapies include automated implantable cardioverter-defibrilla-
tors (AICD) with or without biventricular pacemaker capability, implantable left 
ventricular assist devices (LVAD) and heart transplantation. These treatments are 
most appropriate for DMD patients with end-stage heart failure who display signs 
of refractory disease, poor cardiac output, and/or severe conduction abnormalities. 
With the exception of AICDs, there is currently a lack of objective data regarding 
the benefits of LVAD implantation or heart transplantation in improving the mor-
bidity or mortality in this unique patient population. As such, current guidelines do 
not recommend routine incorporation of these non-pharmacological therapies in 
treating DMD-associated cardiomyopathy.

In multiple large clinical trials, AICDs have demonstrated a mortality benefit by 
decreasing the incidence of sudden cardiac death in non-ischemic and ischemic cardio-
myopathy patients with a LVEF less than 35% [49]. In addition, AICD implantation has 
been shown to reduce mortality rates in patients with sustained ventricular tachycardia 
or patients who have been resuscitated from sudden cardiac arrest [49]. The addition of 
cardiac resynchronization therapy to AICD implantation in patients with cardiomyop-
athy and a wide QRS complex has demonstrated improved morbidity and mortality in 
this patient population [66–68]. Therefore, the guidelines as set forth by the American 
College of Cardiology and the American Heart Association gave a Class I indication 
to the implantation of an AICD in patients with advanced heart failure and an LVEF 
less than 35% [49, 69]. These guidelines have been applied to DMD patients with 
cardiomyopathy and LVEF less than 35%, but in this unique population, special care 
and consideration must be taken into account when implanting an AICD given the high 
likelihood of significant muscle atrophy in the left upper portion of the chest [23, 25, 
70]. It is generally recommended that these patients be referred to an electrophysiolo-
gist with extensive experience in implanting devices in muscular dystrophy patients.

A LVAD is a form of mechanical circulatory support device that can be 
implanted into patients with advanced DMD-associated cardiomyopathy, either 
as a destination therapy or as a bridge to heart transplantation. While LVADs have 
been demonstrated to improve mortality in patients with advanced end-stage non-
ischemic and ischemic cardiomyopathy, approximately 20–30% of LVAD patients 
experience some complication within a year of implantation including infection, 
bleeding, and stroke [71–73]. Although LVADs have been implanted in DMD 
patients with advanced cardiomyopathy, the majority of these patients died within 
one year of LVAD implantation [74, 75]. As noted by Stoller et al., there are several 
essential or key factors that determine the long-term success of implanting a LVAD 
into DMD patients with advanced end-stage dilated cardiomyopathy (Table 2) [76].

Heart transplantation has been successfully undertaken in patients with 
muscular dystrophy. Both short and long term survival rates are very favorable 
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and comparable to age- and weight-matched cardiomyopathy patients without 
muscular dystrophy [77, 78]. However, there were only three DMD patients in both 
of these studies assessing the survival outcomes post-transplant. Due to significant 
skeletal muscle wasting in many DMD patients with advanced heart failure and 
restrictive lung disease, heart transplantation has only been undertaken in a lim-
ited number of DMD patients with advanced dilated cardiomyopathy, thus impair-
ing the ability to draw conclusions regarding outcomes post-transplant specifically 
in this patient population.

6. Emerging therapies and future directions

Despite the many gaps that still exist in cardiac care in patients with DMD, much 
progress has been made over the past two decades, and recent developments have 
paved the way for future therapies. In particular, gene-replacement and genome-
editing therapies hold significant promise due to the potentially corrective nature of 
these treatments by targeting the disease at the genetic level and restoring normal 
dystrophin levels.

Gene-replacement therapy using recombinant adenoviral virus vectors (rAVV) 
is one corrective method that has been proposed to treat DMD. This therapeutic 
approach is an especially promising therapy because this treatment modality has the 
potential to treat any underlying mutation within the dystrophin gene resulting in 
DMD disease and can therefore be applied to every DMD patient [4]. Since the full-
length DMD gene is too large to package within a rAVV, micro-dystrophins, which 
contain only the most essential parts of the gene, can be successfully packaged into 
a rAVV [79]. While this approach has had some success in preclinical and early 
clinical trials, there are still several drawbacks that have been observed, including 
heightened immune responses to the rAVV [79, 80]. Additionally, it is uncertain if 
the truncated micro-dystrophin protein will sufficiently improve cardiac function 
and reduce the burden of cardiomyopathy in DMD patients [4].

Key Factors Determining the Long-Term Success of a LVAD in a DMD Patient

Use of a multidisciplinary team pre- and post-LVAD implantation.

Appropriate candidate selection. While restrictive pulmonary physiology will be present, the DMD patient 
should not be on mechanical ventilatory support either pre-LVAD. In addition, the DMD patient should not 
have a GT-tube or PEG tube for supplemental feeding pre-LVAD.

Recognition of end organ dysfunction. DMD patients have very low baseline serum creatinine due to low 
muscle mass and even mild elevations are indicative of renal dysfunction. Conversely, liver function tests 
may be borderline elevated although further elevation, especially with evidence of volume overload, suggest 
right-sided heart failure in DMD patients.

An experienced cardiothoracic surgeon with significant expertise implanting LVADs into critically ill patients 
with advanced cardiomyopathy.

Selection of a LVAD that would not disrupt the diaphragm and thus further weaken the diaphragmatic 
muscle strength. This criteria is perhaps the most important factor that will determine the long-term success 
of a LVAD in a DMD patient and decrease the risk of any major medical complication.

Early extubation post-LVAD implantation with aggressive pulmonary toilet.

Aggressive care provided by physical, occupational, and respiratory therapy teams post-LVAD.

Very supportive and involved family.

Table 2. 
Essential factors determining the long-term success of an LVAD in DMD-associated cardiomyopathy. Adapted 
from [76].
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Antisense-mediated exon skipping using antisense oligonucleotides (ASO) is 
one type of genome editing therapy, which strives to restore the open reading frame 
caused by a frame-shift mutation [4, 81]. The restoration of the open reading frame 
is accomplished by targeting a specific mutated exon via an ASO, and then remov-
ing the mutated exon with spliceosomes. By sacrificing the single exon, the remain-
der of the gene can be restored and a functional, truncated dystrophin protein is 
expressed, with a phenotype more similar to that of Becker muscular dystrophy 
(BMD) [4]. While preclinical and clinical studies have demonstrated promising 
results and have led to the FDA approval of some of these therapies, clinical trials 
have shown only minimal restoration of dystrophin and limited effects on cardiac 
physiology due to inadequate delivery to and correction of cardiomyocyte dysfunc-
tion [81, 82]. However, recent research suggests that optimizing dosage and person-
alizing treatment may yield more promising results for treating DMD-associated 
cardiomyopathy, so it remains a potential option [23, 81]. As of March 2021, there 
are four ASO therapies (eteplirsen targeting exon 51, golodirsen targeting exon 53, 
viltolarsen targeting exon 50, and casimersen targeting exon 45) that have received 
FDA approval for the treatment of DMD. However, it remains unclear the long term 
benefits of these ASO therapies in treating the skeletal muscle dysfunction, the 
diaphragmatic weakness, and the cardiomyopathy that plague all DMD patients.

Genome editing utilizing clustered regularly interspaced short palindromic 
repeats (CRISPR) with CRISPR-associated protein 9 (Cas9) has emerged as 
another novel and exciting genetic approach to permanently treating DMD patients 
[83–90]. The clear advantages of CRISPR-Cas9 technology over antisense-mediated 
exon skipping are two-fold. First, using CRISPR-Cas9 mediated genome editing 
offers a one time permanent treatment for DMD. Second, CRISPR-Cas9 technol-
ogy provides highly sensitive and specific gene editing. This novel therapeutic 
method proposes delivery of the CRISPR-Cas9 machinery via adenoviral virus 
vectors (AVV). As such, this treatment also has the potential to trigger an unde-
sired immune response [89, 90]. The pre-clinical data demonstrates CRISPR-Cas9 
mediated genome editing remains a very promising and permanent correction to 
dystrophin deficiency in DMD patients [89–91].

Although all three of the above mentioned novel genetic therapeutic modali-
ties have generated significant enthusiasm by scientists, clinicians, and patients, 
there remains a fundamental flaw of these proposed therapies in relation to DMD-
associated cardiomyopathy. This flaw relates to the fact that they serve to functionally 
convert a DMD patient into a phenotype more closely resembling that of a BMD 
patient, rather than completely correcting or curing the DMD patient entirely of the 
disease process. While it is true that patients with BMD suffer less debilitating dis-
ease, approximately 70% of BMD patients over their lifespan still eventually develop 
advanced cardiomyopathy. Thus, while these novel genetic therapeutic modalities will 
surely improve the lives of DMD patients with improved skeletal muscle strength and 
mobility, challenges related to treating disease-related cardiomyopathy will persist [4].

Several other promising molecular therapies are also currently under investiga-
tion. Ataluren, an aminoglycoside-derived compound that functions as a stop-codon 
readthrough, is an investigational drug that has recently been approved by the 
European Medicine Agency, and is still being reviewed by the FDA [4, 92]. This ther-
apy works to continue translation of the gene past a premature stop codon. While 
results in preclinical trials have shown modest improvements in cardiac dystrophin 
levels, there has been little evidence so far of any actual cardiac benefit derived from 
this therapy in clinical trials [92, 93]. Stem-cell therapy holds significant potential as 
a therapeutic modality in treating DMD patients. In particular, induced pluripotent 
stem cells have shown promise, though there are barriers in terms of successful 
engraftment of these cells into DMD muscle as well as the process of differentiation 
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in-vivo [94]. Many potential future therapies such as these have focused on restor-
ing dystrophin levels in skeletal muscle and while this may improve skeletal muscle 
weakness and ambulation, it is essential to consider whether these therapies will also 
improve the accompanying cardiomyopathy.

Along with emerging therapies, new diagnostic measures have also been studied. 
One such diagnostic tool includes newborn screening (NBS), which involves measuring 
the creatine kinase (CK) levels among neonates [95, 96]. The CK levels are often mark-
edly elevated in newborns with DMD. The utilization of a two-tier system for testing, 
a cost-effective and accurate application of NBS, has been shown to have promising 
potential as a diagnostic tool to identify patients with DMD at an even earlier age [95].

In addition to these emerging therapies, there are many questions that have yet to 
be answered about existing treatments and therapies. Exact timing of initiation and 
dosage of first and second-line medications is still uncertain and remains disputed, 
though there is a broad consensus that earlier, anticipatory treatment is recommended 
for DMD patients [25, 43]. There is also a lack of supporting literature on beta-adren-
ergic receptor blockers, and more studies are needed to determine their exact benefits 
with and without the concurrent use of ACE-inhibitors or ARBs as well as MRAs [23].

Finally, DMD carriers are a relatively understudied and underappreciated 
group within this unique population of patients. DMD carriers are at significant 
risk for developing advanced cardiomyopathy, but the mechanisms underlying this 
phenomenon are unclear. The primary hypothesis is that skewed X chromosome 
inactivation occurs selectively within the cardiomyocytes of these patients, and one 
of the two X-chromosomes in the DMD female carrier becomes transcriptionally 
inactive [1, 34]. DMD carriers have an estimated 50% lifetime risk for developing 
cardiomyopathy [34, 97]. Researchers believe that the degree of X inactivation is 
correlated with the severity of cardiac manifestations in these patients, but better 
designed studies are required to understand the various mechanisms involved in the 
development of DMD-associated cardiomyopathy in DMD carriers [1].

7. Conclusion

Over the past two decades, tremendous progress has been made in understand-
ing the pathophysiology and treatment of DMD-associated cardiomyopathy. Due 
to advances in neurologic, pulmonary, and orthopedic care provided to DMD 
patients, there has been a significant increase in the life expectancy in these patients. 
Therefore, more DMD patients are living into adulthood resulting in cardiomyopathy 
as the primary mode of death in the majority of DMD patients in 2021. Current car-
diovascular guidelines directed specifically towards DMD patients are now available 
and provide a more solid foundation for evaluating and treating affected patients. 
Importantly, earlier recognition and management of the disease and its cardiac mani-
festations has great potential in slowing the progression of DMD-associated cardio-
myopathy. Part of this success is due to the incorporation of heart failure cardiologists 
into the multidisciplinary team approach to DMD care and the aggressive application 
of guideline directed medical therapy at an early age. Though there is much progress 
to be made, advancements in potential novel therapies and the growing body of 
research in this field have created a promising future for cardiac care in DMD.
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Chapter 15

Cardiomyopathy in Duchenne 
Muscular Distrophy: Clinical 
Insights and Therapeutic 
Implications
Rachele Adorisio, Erica Mencarelli, Nicoletta Cantarutti  
and Maria Grandinetti

Abstract

Duchenne muscular dystrophy cardiomyopathy (DMD-DCM) is characterized  
by progressive ventricular dilation and dysfunction that can begin at any age and 
worsens over time. Thanks to the lengthening of life expectancy due to better 
management of respiratory involvement, end-stage heart failure (HF) is becom-
ing the main cause of death for DMD patients. Therefore, from the time of DMD 
diagnosis, every effort should be focused to early detect the onset and the worsening 
of the DMD-DCM, with the aim of starting and modulating the therapy to slow 
the progression of cardiac dysfunction. In cardiac evaluation, biomarkers, elec-
trocardiograms, and echocardiograms must be considered, but cardiac magnetic 
resonance (CMR) is now acquiring a leading role due to its sensitivity in the earlier 
identification of cardiac involvement. The management of DMD-DCM at end stage 
is a difficult challenge that requires a multidisciplinary team composed of clinical 
cardiologists, electrophysiologists, cardiac surgeons, neuromuscular specialists, 
and psychologists. Because of the lack of specific drugs for DMD, we will review the 
actual cardiovascular armamentarium including drugs used for HF.

Keywords: duchenne muscular dystrophy, DMD, dilated cardiomyopathy, 
neuromuscular disease, dystrophin, heart failure

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked degenerative neuromus-
cular disease that affects the skeletal muscles and the heart and over time leads to 
loss of walking, severe respiratory complications and progressive cardiac dilation 
and dysfunction.

It is caused by a mutation of the DMD gene, the largest gene in the human 
genome, mapped on the X-chromosome that codes for dystrophin, an essential 
protein for the stability of the myocyte membranes. The type of mutation and the 
degree of reduced expression of this structural protein influences the degree of 
muscle and cardiac impairment and especially the speed of myopathy progres-
sion. The milder forms are generally identified with the term Becker’s muscular 
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dystrophy (BMD) while the most severe and rapidly evolving forms, due to a severe 
reduction or total absence of dystrophin, are properly defined as DMD. Due to 
the X-linked recessive inheritance, the condition of female carriers must also be 
considered; they have a second normally functioning allele of dystrophin gene, 
thus they are generally characterized by a completely normal muscular and cardiac 
phenotype but may also present a mild/variable expression of the disease [1].

The incidence of DMD is approximately 1 in 5000 live male births, with 2/3 of 
the cases due to the transmission of the X-chromosome containing the mutated 
gene from a carrier female to male offspring and the remaining 1/3 of cases conse-
quent to de novo mutations.

Generally the first manifestation of the DMD is muscle weakness that begins 
around the age of four and worsens quickly, leading to the loss of independent 
walking by the age of ten and to respiratory dysfunction around the second decade 
of life. The cardiac involvement begins around 6–10 years of age [2, 3] while 
cardiovascular symptoms are rare before the age of twenty and often appear when 
the degree of cardiac dysfunction is severe [4].

In last decades, the life expectancy of patients with DMD has grown consider-
ably as a result of advances in the prevention and management of respiratory 
complications. As a result, there has been a significant increase in manifestations 
of advanced cardiomyopathy that is becoming the main cause of morbidity and 
mortality for these patients. This has led to a growing interest in the prevention and 
management of DMD-DCM [5–7].

While some aspects of DMD-DCM assessment and therapy are well defined 
by current guidelines [8], such as the need of routine cardiac evaluation and the 
indication to start prophylactic cardio-protective therapy from the age of ten in 
all patients, many other aspects remain under investigation, especially at end 
stage phase.

2. Genetic basis and pathophysiology of DMD-DCM

The DMD gene, encoded on the X chromosome, is the longest gene of our 
genome; it contains long introns with many “hotspots” susceptible to a high rate 
of mutations which can lead to the deletion (60–65% of all DMD mutations) or 
duplication (10%) of one or many exons. Shorter mutations such as point mutations 
are responsible for the remaining 25% of DMD cases. One third of DMD cases are 
due to de novo mutations while two third are inherited. The mutations resulting 
in the production of a truncated protein or of a dystrophin lacking in structural 
domains necessary for interaction with other proteins, are responsible for the most 
severe forms of the disease [9].

Dystrophin is a long intracellular protein of 3685 aminoacids and a molecular 
weight of 427 kDa. It is composed by four domains: an amino-terminal domain that 
interacts with actin of the myocyte cytoskeleton, a central rod-like domain that con-
tains sites of interaction with anionic lipids and with neural NOS, a second actin-
binding motif and four short proline-rich spacers responsible of the elasticity of 
the protein, a cysteine-rich domain that provides the protein–protein interaction and 
stabilizes dystroglycan binding, and a C-terminal domain, that interacts with several 
cytoplasmic, integral membrane and extracellular glycoproteins to create a protein 
complex called DAPC (dystrophin-associated protein complex) (Figure 1). The 
DAPC, in healthy myocytes, anchors the cytoskeleton and the plasma membrane to 
the extracellular matrix, ensuring stability and resistance to cells during contrac-
tions [9]. The lack of dystrophin, or the presence of an abnormal dystrophin, causes 
the loss of stability of this complex connection system with consequent greater 
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fragility of the cell membrane of myocytes, dysregulation of cellular signaling and 
high susceptibility to damage and cell death. Cellular stress and cardiomyocyte 
death cause the release of cytokines, chemokines and cellular debris that attract 
neutrophils, macrophages and, later in time, fibroblasts. This process leads to the 
replacement of the heart muscle with fibrous tissue; it generally starts from the 
region behind the posterior mitral valve apparatus and proceeds toward the ven-
tricular apex and around the heart, and from the epicardium to the endocardium, 
to lead, ultimately, to the dilation and the dysfunction of the ventricles [10]. In this 
scenario, inflammation, dysregulation of the intracellular calcium (Ca2+) signaling, 
alteration of synthesis of nitric oxide, inadequate anti-oxidant response, mitochon-
drial malfunction and deficiency of membrane repair systems are all mechanisms 
involved in the molecular pathogenesis of DMD-DCM and they can be addressed 
for the development of new disease-modifier therapies [11].

Fibrosis, abnormal Ca2+ homeostasis and elevated reactive oxygen species are 
also predisposing factor to the onset of ventricular arrhythmias in DMD-DCM. 
Recently, a predisposition to pacing induced ventricular arrhythmias was dem-
onstrated in an animal model of DMD. In this model, the aberrant Ca2+ release 
through RyR2, which leads to delayed after depolarizations (DADs) and triggered 
ventricular arrhythmias, was related to the oxidated Ca2+/calmodulin-dependent 
protein kinase II, Ox-CaMKII. Genetic inhibition of Ox-CaMKII normalized intra-
cellular Ca2+ and prevented ventricular arrhythmias in this model [12]. Another 
interesting study suggested that arrhythmias could also result from an alteration of 
the components of the cardiac gap junction; in particular it has been proposed that 
the dislocation and anomalous S-nitrosylation of connexin 43 (Cx43) lead to the 
early depolarization of the cytoplasmic membrane and the consequent generation 
of action potentials. Then, these channels can be therapeutic targets to prevent fatal 
arrhythmias in patients with DMD [13].

3. Clinical course

The diagnosis of DMD may occur around 4 yo for difficulty in gait, calf 
hypertrophy, delayed speech, inability to jump or stand without using the arms 
for assistance (Gower maneuver), toe walking and difficulty in climbing stairs. 

Figure 1. 
The dystrophin- associated protein complex (DAPC). Dystrophin and DAPC plays an essential structural 
role in linking the actin of cytoskeleton to the extracellular matrix. The subunits of the DAPC, such as 
the sarcoglycans, have a vital role in the maintenance of muscle integrity. Dystrophin, a flexible rod-like 
cytoplasmic protein, directly interacts with the actin polymers of the cytoskeleton and with a complex of 
transmembrane glico-proteins composed by sarcoglycans, beta- and alpha-dystroglycan that creates a connection 
with the extracellular matrix by its linking with laminin-2.
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Over the time the progressive muscle waste leads to loss of ambulatory capacity 
and to decline of respiratory and cardiac functions [14].

Literature reports the beginning of ongoing cardiac disease processes as around 
6–10 years of age. Echocardiographic abnormalities and clinical DCM can occur at 
any age but often appear around 14–15 yo and are common over 18 years of age [15]. 
Symptoms are mild or completely absent up to the most advanced stages of cardio-
myopathy, and this is mainly due to the significant reduction in oxygen consump-
tion and in energy expenditure consequent to muscle weakness. It is remarkable 
that often the severity of cardiomyopathy does not correlate with the degree of 
skeletal muscle weakness, thus regular cardiac evaluation is very important also 
in patients with mild motility impairment and it is required before any invasive 
diagnostic procedure or surgery.

In the last decade, the increase in life expectancy, deriving from the better man-
agement of the respiratory involvement and the improved supportive cares, have 
resulted in a sharp increase in the number of patients with severe cardiomyopathy, 
and to date, end-stage HF has becoming one of the leading causes of morbidity and 
mortality in DMD [6].

Data from a multicentre Pediatric Cardiomyopathy Registry (PCMR) show a 
high prevalence of DCM also in milder forms of dystrophinopathies as in BMD (up 
to 90% of cases). Interestingly, in these patients, detection of cardiomyopathy often 
occurs at a more advanced stage and the progression of the LV dysfunction and 
dilation may be more rapid than in patients with DMD. Despite this, mortality rate 
for DMD patients with DCM is significantly worse than that of BMD patients, who 
can undergo heart transplant [16].

4. Noninvasive assessing of DMD-DCM

From the time of DMD diagnosis, every effort should be focused to detect early 
the onset and the progression of DCM. Early recognition and periodic re-evaluation 
are essential to guide therapy and to identify patients at increased risk of progres-
sion of cardiomyopathy and major cardiac events. Clinical evaluation remains 
challenging because most of these patients have often low blood pressure values and 
cool extremities because of reduced skeletal muscular mass even in the presence of 
hemodynamic compensation. Therefore, multiparametric evaluation is crucial to 
correctly recognize the progression of cardiac impairment [8].

4.1 Cardiovascular biomarkers

Serum biomarkers are often very useful for the diagnosis and monitoring 
heart disease. In particular, serum levels of cardiac troponin I/T are known to be 
associated to the extension of myocardial damage, but there are conflicting results 
about their diagnostic and prognostic implications in the DMD-DCM. Actually, 
only troponin I showed to be reliable in patients with neuromuscular disorder [17]. 
Troponin I levels seem to be significantly elevated in patients with initial myocar-
dial fibrosis expressed by mild late gadolinium enhancement (LGE) at the cardiac 
magnetic resonance (CMR) compared to those without LGE. Interestingly, this 
positive association between troponin levels and myocardial fibrosis is lost when 
LGE degree becomes moderate-to-severe, probably because at advanced stage of 
cardiomyopathy most of myocardium is already substituted by fibro-fatty tissue, 
therefore the release of myocardio-necrosis enzymes is reduced [18].

Natriuretic peptides are well established markers of HF and congestion in DCM. 
In DMD, pulmonary hypertension caused by impairment of the respiratory muscles 
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and restrictive physiopathology are considered to be involved in the mechanism of 
increased values of plasma natriuretic peptide. In addition to the more commonly 
used brain natriuretic peptide (BNP), a significant elevation in plasma alpha-atrial 
natriuretic peptide (alphaANP) levels is found as a sign of a poor prognosis and may 
be a useful index for the management of patients with DMD-DCM [19].

In the management of HF is very important to assess renal function. In DMD 
serum creatinine values   are generally very low as a consequence of their reduced 
muscle mass and therefore creatinine cannot be considered a good marker of renal 
function. In these patients, serum values of cystatin C, a protein produced by all 
cells, not only by muscle cells, are a good parameter for assessing renal function, 
because they better correlate with glomerular filtration rate (GFR) and cardiac 
dysfunction. Furthermore, it is reported a significant correlation between Cystatin 
C and cardiac dysfunction, providing for the first time a novel marker to identify 
cardio-renal syndrome in patients with DMD [20].

4.2 Electrocardiography and cardiac imaging

Electrocardiogram and transthoracic echocardiogram are the two fundamental 
exams advised to establish baseline cardiac involvement and they are recommended 
annually in all patients since the diagnosis of DMD. After the age of ten, cardiac 
assessment should have been at least yearly because of the increased risk of DCM. 
Even in the absence of abnormalities on the echocardiogram, a CMR should be 
performed in all children without contraindications from 7 years of age, when it is 
possible to perform this examination without the need for anesthesia, with the aim 
to detect early any regional dysfunction or myocardial fibrosis. When some abnor-
malities are found, controls should be more frequent [8].

Electrocardiographic (EKG) changes are very common (up to 90%). Initially, 
myocardial dystrophy may manifest itself as mild nonspecific EKG changes such 
as increased R-wave voltage in right or left precordial leads, QRS fragmenta-
tion, or slight alterations in ventricular repolarization. When cardiac disease is 
overt, R-wave voltage decreases and abnormal Q waves may appear generally in 
infero-lateral leads. ECG often shows also one of the following features: right axis 
deviation, conduction defects or short PR intervals, polyphasic R waves in V1, right 
bundle branch block, flat and inverted T waves, and prolonged heart rate-corrected 
QT interval. Sinus tachycardia is very common in DMD and, together with the 
reduction of circadian index and the scarce heart rate variability, it is a sign of the 
autonomic dysfunction that often affect these patients. 24-hours ECG monitoring is 
essential to detect autonomic dysfunction and it is recommended in case of suspect 
of arrhythmias and for routine monitoring of advanced stage of DMD-DCM, in 
which the presence of atrial fibrillation, atrial or ventricular arrhythmias may affect 
prognosis and change the management [21].

Echocardiography allows to identify the LV dilation, defined in children by a LV 
end-diastolic diameter that exceeds the mean value expected for age and sex by two 
standard deviations, and LV systolic dysfunction, defined by a LV ejection fraction 
(LVEF) <55% or a fractional shortening (FS) <28% [22]. Despite the advances in 2D 
and 3D techniques, FS is still considered the best surrogate of LV systolic function, 
among the echocardiographic possibilities, for its high reproducibility and its strong 
correlation with CMR LVEF [23]. Furthermore, routinely recognition of diastolic 
dysfunction is important because it is very frequent in all stages of DCM and can 
precede contractile impairment.

For earlier detection of LV impairment, speckle tracking echocardiography is also 
very useful, as it is a technique able to evaluate subclinical LV dysfunction before 
development of overt LVEF reduction. Global longitudinal strain (GLS), obtained by 
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2D speckle tracking echocardiography is abnormal in nearly 50% of DMD patients 
with a normal LVEF, and a decrease of 0,34% per year of GLS in DMD patients 
according to age has been recently reported [24]. The lowest values of strain is often 
observed in the inferolateral and anterolateral mid-basal segments. However, speckle 
tracking analysis is often limited in DMD because echocardiographic image quality is 
poor in these patients and declines by 2,5% for each 1 year increase in age because of 
chest deformities, lung hyperinflation, and limited mobility [25].

CMR is becoming the gold standard exam in the evaluation of DMD-DCM, 
especially because it allows a non-invasive myocardial tissue characterization by 
LGE and T1 mapping techniques, using non –ionizing radiations. It also offers the 
possibility to better analyze the size and global and regional kinetics of the left and 
right ventricles, not being limited by body habitus and providing a more accurate and 
reproducible three-dimensional views if compared to echocardiography. LGE identi-
fies fibrosis, it may have a subepicardial or transmural distribution, it is often initially 
localized in the inferolateral wall, and its extension allows to stratify the severity 
of cardiac involvement. LGE is an independent predictor of adverse cardiac events 
in DMD patients, also in those with a preserved LVEF [26]. T1 mapping technique 
pre- and post-contrast is able to identify diffuse fibrosis even earlier than LGE but T1 
mapping value varies a lot depending on the sequence used, and it cannot discrimi-
nate diffuse myocardial fibrosis from inflammation or fat infiltration [27]. Finally, 
CMR can also provide myocardial strain analysis, using feature-tracking technique.

CMR can be useful also to evaluate more precisely the severity of myocardial 
dysfunction and fibrosis in further stages, to assess the efficacy of anti-remodeling 
therapy, to screen asymptomatic DMD female carriers. However, the high costs, 
patient’s claustrophobia and the technical difficulties to obtain the exam in patients 
with home ventilator may limit its use in this group of patients.

5. Management of DMD-DCM from prevention to end-stage HF

In the clinical course of DMD-DCM three stages of DCM can be distinguished: a 
pre-clinical stage, a clinical stage and an end-stage DCM (Figure 2).

The pre-clinical stage is characterized by normal dimension and function of the 
heart. It usually limited to the early teenager years of life. In this phase, although 
the LV contractile function is preserved (LVEF>55%), the process of myocyte 
damage and fibrotic myocardial replacement has generally already begun and it can 
manifest itself with nonspecific EKG changes, subtle local wall motion abnormali-
ties, diastolic dysfunction consequent to cardiomyocyte hypertrophy, reduction in 
ventricular strain values and LGE at CMR.

At this stage of the DMD-DCM, the aim will be to delay the onset of ventricular 
contractile dysfunction. Current recommendation advices to start angiotensin con-
verting enzyme inhibitor (ACE- I) as preventive strategy. Perindopril 2–4 mg/die, 
[28] or an angiotensin receptor blocker (ARB) can be prescribed in all DMD patients 
from the age of ten. The indication to start therapy earlier, in patients with initial 
signs of cardiac involvement (such as the presence of mild LGE) but with preserved 
contractile function is still under debate and investigation [8].

At this early phase of DCM, when LV is mildly dilated, the use of mineralo-
corticoid receptor antagonist (MRA), such as eplerenone or spironolactone, may 
slow the rate of decline of LV function. Further studies are needed to determine 
the effect of combined cardioprotective therapy on event-free survival in these 
patients [29, 30].

The clinical stage includes a wide range of patients, with various degree of LV 
dilation and dysfunction, without any symptoms or with initial signs or symptoms 
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of HF. This phase can start at any age but frequently it begins after the age of ten. 
Few studies have focused on treating DMD patients with mild to moderate LV 
systolic dysfunction (LVEF>30% <50%), and the current consensus statement 
supports the use of traditional treatment for HF to treat the progression of DCM. 
All patients with at least mild ventricular dysfunction should be treated with an 
ACE-I or an ARB. In particular lisinopril (ACE-I) and losartan (ARB) have shown 
equal effectiveness in preserving or improving ventricular function in established 
DCM [31]. Due to their ability to reduce the fibrotic process and stabilize LV systolic 
function, MRAs should be considered in this phase of DMD-DCM, even in case of 
mild reduction of LVEF, that is much earlier than indicated by current guidelines 
for the management of HF (symptomatic patients with LVEF <35%). In addition, a 
beta blockers (BB) such as carvedilol, is indicated when a sufficient improvement in 
cardiac function is not achieved with the initial therapy with ACE-I/ARB. Routine 
use of the BBs in DMD patients has been controversial in the past years due to con-
flicting results on their efficacy obtained from retrospective and non-randomized 
prospective studies. Nowadays, the superiority of combination therapy with an 
ACE-I/ARB and a BB over monotherapy with ACE-I/ARB is supported by studies 
that have shown more beneficial effect on LV function, on prevention of major car-
diac events (death, deterioration of HF and severe arrhythmias) and on long-term 
survival [32–34]. Furthermore, in DMD-DCM, BBs are also useful to control sinus 
tachycardia caused by autonomic dysfunction and other forms of tachyarrhythmia.

The end-stage DCM is characterized by severe degree of LV dysfunction (LVEF 
<30%) and dilation, the patients might have signs and/or symptoms of HF. Also, 
they may have rhythm disturbances, with a higher risk of acute decompensation of 
HF and sudden cardiac death. Generally this phase occurs after the age of twenty 

Figure 2. 
Cardiac magnetic resonance (CMR), electrocardiographic (EKG) features and clinical status at different 
stages of the DMD-DCM progression. In the pre-clinical stage left ventricular (LV) function is still preserved, 
CMR may identify initial fibrosis, at the EKG some alterations such as QRS fragmentation, rsr’ complexes in 
V1 and alterations of ventricular repolarization may appear, and blood levels of troponin T (TnT) may be 
slightly or moderately high while NTproBNP is normal. The clinical stage is characterized by a certain degree 
of LV dysfunction and dilation, inflammation and fibrotic replacement of the heart muscle are extended, as 
shown by the wide distribution of late gadolinium enhancement (LGE) areas at CMR imagines, abnormal Q 
waves appear at the ECG, and the values of TnT and NTpro BNP are usually very high and moderately high 
respectively. In the end-stage, LV dilation and dysfunction are severe, much of the heart muscle is replaced by 
fibrous tissue, filling pressure increases, and episodes of acute heart failure and ventricular arrhythmias become 
frequent, NTproBNP values are very high while TnT values may not be particularly high due to reduced total 
cardiac muscle mass.
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but in some more aggressive forms of CMD it can manifest earlier. At this stage 
of disease every effort must be aimed to reduce acute events and hospitalizations 
and to improve symptoms and quality of life of these patients. Medical treatment 
includes a combination of an ACE-I/ARB, an MRA and a BB at the maximum toler-
ated or recommended dose, according to European and American Guidelines for the 
management of HF [35, 36]. Based on recent evidence of the efficacy of the heart 
rate reduction strategy in lowering the long term incidence of acute adverse events 
in DMD patients with advanced cardiac involvement, ivabradine should be consid-
ered if LVEF remains below 40% and heart rate above 70 bpm despite maximum 
dose of ACE-I/ARB and BB [37]. Furthermore these patients may also benefit from 
treatment with Sacubitril/Valsartan, the first-in-class angiotensin receptor nepri-
lysin inhibitor (ARNI) that in last decade has become part of standard therapy for 
adult HF and it has shown excellent preliminary results in pediatric patients in the 
ongoing PANORAMA-HF trial (DMD patients included).

In end-stage CMD signs and symptoms of systemic or pulmonary congestion 
may be clinically evident and loop diuretics are indicated. For chronic use furo-
semide 1 to 6 mg/kg/die is generally effective, but in some cases the addiction of 
Metolazone, a thiazide-like diuretic, is required. It is important to underline that 
there is no evidence of the effectiveness of loop diuretics in improving survival, so 
they are to be considered only for relieving symptoms [38].

In patients with severe LV dysfunction an antithrombotic therapy should be 
considered in the primary prevention of thromboembolic events, although not 
routinely recommended [39].

As mentioned above, DMD patients are at risk of arrhythmias such as atrial 
fibrillation, atrial flutter and ventricular tachycardia and this risk increases as 
cardiomyopathy progresses. To date, the management of arrhythmias, with drugs 
and devices, in DMD-DCM is based on general international guidelines, as there 
are no specific recommendations for DMD. Implantable cardioverter defibrillator 
(ICD) has gained acceptance in selected patients [40]. The effectiveness of cardiac 
resynchronization therapy (CRT) in these patients seems to be poor probably due to 
the presence of the extensive postero-lateral fibrosis and poorly explored.

Patients with DMD are generally not considered suitable for cardiac transplant 
candidacy due to early walking impairment, predisposition to respiratory complica-
tions, and their short life expectancy. Heart transplant (HTx) has been considered 
in few highly selected cases in which respiratory compromise was not relevant and 
reported [40]. In BMD, HTx is considered in end stage phase of CMP.

Few cases of patients with end-stage DMD-DCM and preserved or only mild 
reduced respiratory function, left ventricle assist device (LVAD) has been consid-
ered as a destination therapy [41, 42]. To date, the international literature about 
LVAD in DMD patients is poor and proper selection of patient and ethical aspect 
should be accurately evaluated case by case. Share decision making process is also 
crucial and exploratory dialog with patients and caregivers should be routinely 
carried out during follow up, not only in urgent situation [43].

Recently, a retrospective study on DMD patients evaluated the effects of 
advanced cardiac therapies (i.e. ICD, LVAD, HTx) on large DMD population. Out of 
436 DMD patients, 9 had ICD placed, 4 had LVAD and 1 HTx. The authors con-
cluded that advanced HF therapies may be used effectively in select subjects with 
DMD but further studies are needed to stratify the risk and select patients [40].

In the process of choosing about advanced cardiac therapies for end-stage 
DMD-DCM an in-depth personalized assessment is crucial, and involves the 
collaboration of the patient and his family with a team of experts composed of 
cardiologists, cardiac surgeons, neuromuscular specialists, anesthetists, pneumolo-
gists, bioethics experts and psychologists.
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6. DMD-specific drugs: corticosteroids and new target therapies

Given their effectiveness in slowing the progression of muscle damage and 
in prolonging the ability to walk and the life-expectancy, corticosteroids such as 
prednisone and deflazacort have become the standard basic treatment of patients 
with DMD from the moment of diagnosis or, in any case, by the age of five [44]. 
While some preclinical studies have suggested that corticosteroids can accelerate 
cardiomyopathy, subsequent clinical studies have supported their beneficial role 
in preserving ventricular function and delaying the progression of heart disease, 
especially by slowing down the inflammation and the fibrotic process and by 
increasing myogenic repair and myoblast proliferation [45].

Schram et al. [46] showed that steroid therapy was associated with a signifi-
cantly lower all-cause mortality rate, due to a substantial reduction in HF–related 
deaths. In this observational study, patients treated with combination of steroid 
and ACE-I, experienced a much lower incidence of new-onset cardiomyopathy than 
those treated without steroid.

In recent years a new MRA, called Vamorolone, has been discovered. This new 
MRA is able to mimic the anti-inflammatory effects of glucocorticoids and it could 
represent, in the near future, an alternative to the others. It has been reported it 
seems to have less side effects and greater antifibrotic effect thanks to the inhibition 
of the aldosterone pathway [47].

Moreover, several other new therapeutic strategies are under investigation, 
focused to mitigate inflammation and fibrosis or to restore the dystrophin expression. 
These last strategy includes:

• the read-through therapies, such as Ataluren (Translarna™, PTC Therap), the 
first molecule approved in Europe for DMD, that enables the transcription of 
mRNA containing premature stop codons;

• the antisense oligonucleotides (AONs) that can bind pre-mRNA in specific 
splicing sites allowing to skip the exons containing mutations and restoring the 
reading frame of the dystrophin;

• the viral gene therapies, that exploit viral vectors to transfer truncated versions 
of dystrophin gene into myocytes;

• the upregulation of Utrophin, a protein similar to dystrophin, that can supply its 
structural function;

• the cell based therapies that consist on the administration of healthy myocytes 
precursors that can colonize skeletal and cardiac muscle of the recipient.

Most of these gene-targeted therapies are still under study and the evaluation 
of their efficacy is mainly based on the increased expression of dystrophin in 
skeletal myocytes and on the slowing of the myopathy progression. Whether these 
therapies are able to increase dystrophin expression equally in skeletal muscle cells 
and in cardiomyocytes is still unclear since the heart cannot be routinely biopsied. 
This is a crucial point as isolated improvement in muscle function would lead to 
increased demand on a weak heart, accelerating the progression of cardiomyopathy. 
In particular, Ataluren has shown a modest increase in dystrophin expression in 
mouse heart, while in a small cohort of humans neither measurable improvement 
nor deterioration in heart function were observed during 24 months of treatment. 
Instead, there are strong evidences regarding the benefit on heart function from 
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gene therapies that use micro-dystrophin genes. In preclinical studies a robust 
expression of micro-dystrophin in cardiomyocytes has been proved, but the high 
dose required may be burdened significant side effects and the presence of micro-
dystrophin instead of wild-type dystrophin can still lead to the development of a 
BMD-like cardiomyopathy. Further studies are needed to better understand the 
long-term effects of these therapies on the heart [48].

6.1 Cardiomyopathy in DMD female carriers

Most women carrying the DMD mutation in one of the two X chromosomes are 
asymptomatic for life due to the presence of sufficient normal dystrophin produced 
by the unchanged allele of the gene. Some of these women, called “manifesting 
carriers”, may have mild or moderate forms of myopathy and cardiomyopathy; 
this is probably due to a mosaic inactivation of the healthy allele in skeletal and 
heart muscles, or simply to the reduced total amount of normal dystrophin in the 
cells. In particular, cardiomyopathy can occur in up to 8% of cases and symptoms 
can appear from adolescence to late adulthood even without any correlation with 
musculoskeletal manifestations [49]. Therefore, current guidelines recommend to 
perform echocardiography every 5 years in all adult dystrophinopathy carriers [14]. 
The severity of disease can vary widely and can worsen during concomitant events 
such as pregnancy and childbirth. It is interesting to note that in 45% of DMD carri-
ers, subepicardial LGE in the inferolateral free LV wall is detectable at CMR as well 
as in the initial forms of cardiomyopathy in DMD male patients and this is associ-
ated with myocardial enzyme release and with a greater probability of progression 
of the cardiomyopathy [50].

7. Conclusion

Given the primary role of cardiomyopathy in determining the prognosis 
of DMD patients, every effort should be focused on preventing or slowing the 
progression of their cardiac dysfunction. Many drugs commonly used for HF have 
proven to be quite effective, especially if used from the very early stages of the 
disease, before heart dysfunction becomes evident. So current recommendations 
underline the importance of routinely cardiac evaluation since the diagnosis of 
DMD to early recognize heart abnormalities and start ACE-I. In this preclinical 
stage of DMD-DCM, CMR plays a substantial role due to its sensitivity in iden-
tifying initial areas of fibrotic replacement of the heart muscle. Because of the 
lack of specific DMD-DCM therapies, current drugs used for HF might be used 
and further studies are required to address their efficacy, especially at end-stage 
DCM. To date some new target therapies are available and many others are under 
evaluation, so that in the near future we will be able to count on a much wider 
range of specific therapeutic possibilities than now. Moreover, in the end-of- life 
management, ethical issues are still a matter of intense debate in order to identify 
potential advanced cardiac therapies candidates. Surely, in this challenging course 
of treatment, sharing decisions with the patient and his caregivers and the support 
of a multidisciplinary team are crucial cornerstones for obtaining the best possible 
results.
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Chapter 16

Peripartum Cardiomyopathy:  
The Hidden Enemy
Fatima Zahra Merzouk, Sara Oualim and Mohammed Sabry

Abstract

Peripartum cardiomyopathy (PPCM) is the most common cardiomyopathy in 
pregnancy. It is potentially life-threatening. It is, diagnosed in women without a 
history of heart disease 1 month before delivery or within 5 months. It is marked by 
heart failure and left ventricular dyshfunction. The evolution is favorable. LV func-
tion improves within 6 months in the majority of patients, but long-lasting mortal-
ity and morbidity are not infrequent. Recent work suggests the critical toxic role for 
late-gestational hormones on the maternal vasculature and the genetic underpin-
nings of PPCM. Complications include different types of supraventricular and 
ventricular arrhythmias, heart failure and ischemic stroke. The brain natriuretic 
peptide (BNP) can be used to risk stratify women for adverse events. Management 
of peripartum cardiomyopathy is based on treatment of heart failure. The addition 
of bromocriptine seemed to improve LVEF. Close monitoring of pregnant women 
with cardiomyopathy by multidisciplinary team is recommended.

Keywords: pregnancy, cardiomyopathy, heart failure

1. Introduction

In the 1800s, heart failure associated with pregnancy and the peripartum period 
was recognized for the first time by Virchow and others [1]. However, the term 
peripartum cardiomyopathy (PPCM) was not introduced until 1971 by Demakis 
and Rahimtoola [2]. Those authors, specifically defined the syndrome as occurring 
in the peripartum period.

In 2010, the European Society of Cardiology provided operational definition of 
PPCM as cardiomyopathy with reduced EF, usually <45%, presenting toward the 
end of pregnancy or in the months after delivery in a woman without previously 
known structural heart disease [3]. Cardiac imaging before clinical presentation is 
almost never available in these young women, therefore, the absence of preexisting 
heart disease is usually only presumed [4].

Why this interest in peripartum cardiomyopathy? It is both the most common 
cardiomyopathy in pregnancy and the most common non-obstetric cause of  
maternal death.

The timing of PPCM is not certain. Most cases occur in the first weeks after 
delivery [2].

However, it can also present well before and up to months after delivery.
These uncertainties make the definition of this disease imprecise and reflects 

our still incomplete understanding of PPCM.
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Many potential causes have been proposed, including autoimmunity, viral 
myocarditis, nutritional deficiencies, and hemodynamic stresses [5]. Most recently, 
a role for vascular dysfunction, hormonal insults, and underlying genetics has been 
suggested. But, the cause of PPCM remains unknown.

Clinical recognition is integral to the management of this disease, because there 
must be careful exclusion of alternative etiologies. Specific diagnostic or prognostic 
tests are lacking.

Management of peripartum cardiomyopathy is based on standard heart failure 
therapy. The addition of bromocriptine seemed to improve LVEF.

2. Epidemiology

The reported incidence of PPCM varies between 1:100 and 1:20 000 deliveries 
worldwide and between races within countries. Accurate data are lacking because of 
the paucity of population-based registries.

The Kaiser Permanente Health system, which is the USA’s largest non-profit health 
plan including 9.9 million members, provided data that identified pregnant women 
with heart failure from 2003 to 2014 [6]. Among these women, PPCM occurred in 333 
(68.2%). An analysis of 64 million discharge US hospital records from 1000 hospitals 
in 47 states identified 34 219 cases of PPCM, with an incidence of 1 in 968 births [7].

A higher incidence of disease is found among African-American woman, who 
are 3-to 16-fold more likely to be diagnosed with PPCM [8, 9]. The incidence of 
PPCM in Africa and Asia suggest an incidence of ≈1 in 1000 live births [6]. Women 
of African descent are more likely to develop PPCM.

However, there are some striking hot spots of PPCM, the cause of which remains 
unclear. In northern Nigeria, the incidence of PPCM may be as much as 1 in 100 
live births [10]. In Haiti, the incidence of PPCM has been reported as high as 1 
in 300 live births [11] possibly related to racial background, a high prevalence of 
preeclampsia or nutritional deficiencies.

An increasing trend of PPCM has been reported in many studies. For example, 
from 8.5 to 11.8 per 10 000 live births between 2004 and 2011 [7] and from 2.3 to 
4.5 per 10 000 live births between 1990 and 2002 [12]. This increasing incidence 
is probably related to the increased recognition and diagnosis of disease, rising 
maternal age and multifetal pregnancies, or changing demographics [12, 13].

As the incidence of PPCM increases, the mortality increases as well. In a 
Californian study of maternal cardiovascular deaths between 2002 and 2006, 
PPCM was the leading cause (23%) [14].

3. Predisposing factors

Risk factors for PPCM are not understood. Studies have shown that increasing 
age, African ethnicity, pre-eclampsia, multiparity, malnutrition and traditional risk 
factors for cardiovascular disease, such as hypertension, diabetes and smoking, are 
associated with PPCM.

3.1 Age

The incidence of PPCM is associated with age. More than 50% of cases occur 
in women over 30 years of age [7, 8] with an odds ratio of 10 in a comparison of 
women less than 20 years of age [7].
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Although the disease can strike women of any age, most women in the United 
States are diagnosed in women older than 30 years [15].

3.2 Race

PPCM affects black women more often. A study in California noted an incidence 
of PPCM in blacks of 1 in 1421, nearly 3 times that in whites [8].

In a population study of cases in North Carolina in 2003, the incidence of PPCM 
in black women was 4 times that of white women (1,1087 versus 1,4266), and the 
fatality rate at 5-year follow-up was also 4 times as high (24% versus 6%) [16].

3.3 Preeclampsia and eclampsia

Preeclampsia strongly predispose to PPCM. However, it is important to realize 
that PPCM is not simply a manifestation of severe preeclampsia.

A meta-analysis of 22 studies covering 979 cases of PPCM showed an overall 
prevalence of preeclampsia of 22%, >4 times the 3–5% population prevalence 
[17]. The prevalence of preeclampsia in many of these studies may be under-
estimated because preeclampsia is often underreported and because the pres-
ence of preeclampsia is often used as an exclusion criterion from the diagnosis 
of PPCM.

PPCM is also frequently found in association with eclampsia, with an odds ratio 
of 12.9 in a California population study of 1888 patients with eclampsia [18].

It is important to realize that preeclampsia can also trigger pulmonary edema in 
the absence of PPCM. The cardiac toxicity caused by preeclampsia can be clini-
cally silent but can also present as pulmonary edema with preserved EF or as part 
of PPCM. A number of echocardiographic studies have shown that preeclampsia 
causes diastolic dysfunction even in the absence of clinical heart failure [19]. This 
diastolic dysfunction is independent from blood pressure elevations and can persist 
up to 1 year after delivery and resolution of preeclampsia [4].

The strong association between preeclampsia and PPCM suggests that they may 
share pathophysiological mechanisms. The suspicion for PPCM should never be 
lowered in the presence of preeclampsia.

3.4 Multiple gestations

Rate of twin births is generally higher in reports of PPCM than in the general 
population.

PPCM is frequently reported in cases of multigestational status. According to a 
meta-analysis, the average rate of twin gestations in cases of PPCM across 16 studies 
was 9% well above the average estimated prevalence of 3% [17, 20].

Although multiparity has traditionally been defined as a risk factor for PPCM, 
recent studies have shown that the majority of cases of PPCM in the US occur dur-
ing the first or second pregnancy [2, 15].

3.5 Hypertension

According to a meta-analysis covering 979 cases of PPCM, hypertensive disorder 
was present in 37% (range, 29–45%) of cases [17]. A study of US hospital discharge 
records in 6 states identified 535 patients with PPCM, of whom 46.9% had hyper-
tension (odds ratio, 13.4) [21].

We may say that hypertension strongly predispose to PPCM.
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3.6 Other factors

Substance abuse, anemia, asthma, diabetes mellitus, obesity, and malnutrition 
are other associated conditions that have been reported but less well substantiated.

4. Hemodynamic changes during normal pregnancy

4.1 Antepartum changes

During pregnancy, several hemodynamic changes occur [22]:

• Preload increases: Maternal blood volume begins to increase at 6 weeks’ gesta-
tion. By the second trimester, maternal blood volume increases to 50% above 
baseline. This effect leads to increased preload and left ventricular end-  
diastolic volume.

• Afterload decreases: As the uterine circulation increases during the first trimes-
ter, the systemic vascular resistance falls. There is further peripheral vasodila-
tation that occurs, likely from decreased vascular responsiveness to angiotensin 
and norepinephrine. These cumulative changes result in a decrease in maternal 
blood pressure.

• Heart rate increases: The heart rate increases by 15–20% by the third trimester 
(secondary to increased sympathetic tone).

In normal pregnancy, cardiac output increases by 30–50% through increased 
stroke volume during the first two trimesters. During the second part of pregnancy, 
cardiac output increases through an increase in heart rate. These changes are 
illustrated in Figure 1.

Cardiac output varies by maternal position. When supine, the gravid uterus can 
compress the inferior vena cava and impede venous return to heart and the cardiac 
output can decrease by 25%.

Despite these dramatic hemodynamic alterations, intrinsic left ventricular 
contractility does not appear to change appreciably [24]. The cardiac atria and 
ventricles must, however, accommodate the pregnancy-induced hypervolemia. 

Figure 1. 
Changes in hemodynamic properties throughout pregnancy. (data derived from Robson et al. [23]).
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Consequently, normal pregnancy is associated with increased left ventricular mass 
[25, 26]. Such cardiac remodeling is a normal, physiologic response, and some, but 
not all, suggest these changes resolve by 3 months postpartum [27].

The increase in plasma volume during pregnancy is larger than the increase in 
red blood cells, which leads to physiological anemia. Systemic vascular resistance 
decreases at the end of the second trimester and then increases toward the end of 
pregnancy.

4.2 Labor and delivery

Marked fluctuations in cardiac output occur, during labor and delivery. Each 
uterine contraction can contribute up to 500 milliliters (ml) of maternal blood 
volume due to auto- transfusion of uterine blood [22].

Cardiac output can increase as much as 30% during the first stage of labor and 
up to 50% during the second stage due to maternal pushing [28]. Cardiac output is 
also augmented by the sympathetic surge induced by anxiety and pain. Immediately 
after delivery, the cardiac output can increase by 80% above pre-labor values due to 
auto-transfusion from the uterus during contractions and from the utero-placental 
circulation after relief of vena caval compression by the uterus. Blood loss during a 
normal delivery may be 500–1000 mL but is partly compensated by the increase in 
stroke volume.

Hemodynamic changes are fully reset after 6 months. During pregnancy and 
postpartum, patients remain in a hypercoagulable state.

5. Physiopathology

Until recently, the etiology and pathophysiology of peripartum cardiomyopathy 
have been elusive, not fully understood and likely multifactorial.

One of the oldest theories is that PPCM is simply a failed hemodynamic “stress 
test” of pregnancy. According to this, the cardiovascular changes during pregnancy 
we detailed before, ultimately lead to peripartum heart failure. We would expect 
then that PPCM will occur early in midpregnancy, as the maximal changes always 
start in this period. However, with very few exceptions, PPCM is a disease of late 
pregnancy and after the delivery. Thus, if peripartum cardiomyopathy were a failed 
stress test, it would occur much earlier and more often than it does [29].

Another old hypothesis suggested that PPCM is triggered by viral myocarditis. 
This observation came from findings that right-sided endomyocardial biopsies dis-
played evidence of inflammation. In a series of endomyocardial biopsies performed 
in 38 women from Niger (similar proportions of women with PPCM and controls), 
Inflammation was variably present in endomyocardial biopsies taken from women 
with the condition, however few patients met histologic criteria for myocarditis 
[30–32]. Cardiac magnetic resonance (CMR) imaging was performed in a cohort of 
40 women in the Investigations in Pregnancy-Associated Cardiomyopathy (IPAC), 
only one woman had findings potentially consistent with myocarditis [33].

Other potential causes for PPCM have also been proposed. Microchimerism, 
with fetus-derived cells that can persist in the immune-suppressed pregnant state 
and can lodge in the maternal heart, has been proposed as a trigger for autoimmu-
nity after delivery [34].

Deficiencies of iron and selenium have also been proposed. The current theory 
regarding the pathophysiology of peripartum cardiomyopathy suggest that it is 
genetically predisposed. As previously discussed, this is evidenced epidemiologi-
cally by geographic and racial variations. In a German registry, 15% of women 
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with PPCM had a family history of cardiac disease in a first-degree relative [35]. 
Genetic studies have supported the notion that genetics contribute to PPCM. 
Mutations in the TTNC1 and TTN genes that encode cardiac myoprotein troponin 
C and titin have been identified in women with PPCM [36]. The titin is a critical 
structural component of sarcomeres in cardiac and skeletal muscle. However, 
over 90% of individuals with TTN truncating variants do not develop PPCM, 
indicating that additional environmental, genetic, or epigenetic factors are at 
play [37].

A landmark 2007 article first introduced that PPCM is a vascular disease trig-
gered by the hormonal changes of late pregnancy. Although the idea was proposed 
in the past, experimental support for it was lacking. Recently, a 2 mice models and 
epidemiological data started supporting the notion that PPCM is in large part a 
vascular disease, triggered by the hormonal milieu of the peripartum [38, 39].

The first mouse lacked the cardioprotective STAT3 gene also accused of devel-
oping the peripartum cardiomyopathy. In this case, the oxidative stress led to 
cleavage of the nursing hormone, prolactin. The 16-kDa prolactin fragment had 
vasculotoxic and pro- apoptotic properties and vascular and myocardial  
dysfunction (Figure 2) [36].

Figure 2. 
Pathogenesis of peripartum cardiomyopathy: 1) genetic predisposition caused by mutations of various genes 
(STAT3, TTN, TTNC1) that regulate cardiomyocyte function causes secretion of cathepsin D (CathD), which 
cleaves pituitary prolactin (PRL) to form a 16-kDa fragment, vasoinhibin; 2) vasoinhibin acts on blood vessels 
to trigger apoptosis as well as microRNA-146a resulting in cardiomyocyte ischemia, metabolic insufficiency, 
and apoptosis. Simultaneously, the placenta, especially with the preeclampsia syndrome, secretes soluble 
fms-like tyrosine kinase 1 (sFlt-1), which neutralizes vascular endothelial growth factors A and B (VEGFA 
and VEGFB, respectively) that are critical for vascular health. MnSOD, mitochondrial antioxidant manganese 
superoxide dismutase; ROS, reactive oxygen species. (data from Arany and Elkayam [4]; Arany [40]. 
Illustrations created by Ceara Byrne, MS. Commented by Cunningham [29]).
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The second mouse had another cardiac-specific genetic deletion of prolifera-
tor-activated receptor gamma coactivator-1a (PGC-1a) leading to vasculotoxic-
ity by activation of the 16-kDa prolactin fragment and decreased expression of 
vascular endothelial growth factor (VEGF) [36]. VEGF is antagonized by the 
placental secretion of soluble Fms-like tyrosine kinase 1 (sFlt1) which is suf-
ficient to cause profound systolic dysfunction in mice lacking cardiac PGC-1 
alpha. This was incriminated in the genesis of PPCM and predicted worse 
outcomes [41].

6. Clinical presentation

Diagnosis of PPCM may be difficult: the symptoms of heart failure during 
pregnancy can mimic signs and symptoms that occur during normal pregnancy. 
The majority of women with PPCM are diagnosed after delivery, precisely in the 
first month postpartum [3]. Unfortunately, delays in diagnosis are associated with 
increased incidence of preventable complications and worse outcomes [16, 42, 43].

At the time of diagnosis, patients most commonly complain of signs and symp-
toms of congestive heart failure including dyspnea, orthopnea and paroxysmal 
nocturnal dyspnea. Other common symptoms include cough, palpitations, chest 
tightness, abdominal pain and pitting edema of the lower extremities. If chest pain 
is severe, the clinical picture can suggest a myocardial infarction or pulmonary 
embolism.

Women can have difficulty lying flat for the exam. Physical examination usually 
reveals signs of heart failure including tachypnea, tachycardia, elevated jugular 
venous pressure, third heart sound, systolic murmur of tricuspid or mitral regur-
gitation, pulmonary rales, and peripheral edema. Almost half women will have 
peripartum hypertension and, commonly, Preeclampsia [3, 18, 44]. A minority of 
patients will present with severe arrhythmias, cardiogenic shock and thromboem-
bolic complications.

7. Diagnostic testing

Initial diagnostic studies will often include an electrocardiogram (ECG), chest 
x-ray, bloodwork, and echocardiogram. The 12-lead electrocardiogram usually 
shows only sinus tachycardia with non-specific ST- and T-wave changes. A normal 
electrocardiogram does not rule out PPCM [45]. A chest x-ray is not obligatory for 
diagnosis but if it is obtained, fetal shielding must be used. The chest x-ray may 
show an increased cardiac silhouette with varying degrees of pulmonary conges-
tion, edema and pleural effusions.

Assessment of kidney, liver and thyroid function is recommended along with 
evaluation for anemia and sepsis. Proteinuria must also be quantified. Levels of 
brain natriuretic peptide (BNP) and N-terminal pro-BNP, are not change signifi-
cantly during normal pregnancy [46], they can be mildly elevated in the setting of 
pre-eclampsia, but they are usually markedly elevated in PPCM [47].

Echocardiography is the gold standard for confirmation of diagnosis and must 
be obtained as soon as possible. It should be performed in any suspected case 
of PPCM as the LVEF is typically <45% [3]. It will show global reduction in LV 
systolic function with various degrees of LV dilatation. In addition to that, it may 
demonstrate right ventricular dilatation and/or dysfunction, functional mitral 
and/or tricuspid regurgitation, pulmonary hypertension, and left atrial or biatrial 
enlargement. Intracardiac thrombus may occur [48, 49], and the LV apex should be 
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clearly visualized. In the European worldwide registry of 411 patients, right ven-
tricular function was severely abnormal in 10%, normal in half, mildly abnormal in 
approximately 35%, and [50]. Hibbard et al. proposed stringent criteria to diagnose 
peripartum cardiomyopathy [51].

Cardiac magnetic resonance imaging (MRI) provides accurate ejection fraction 
and chamber measurements when the echocardiogram is inadequate. However, the 
use of MRI for diagnosis of PPCM is not routine practice as gadolinium should be 
avoided unless it is considered absolutely essential [52].

There is no role for routine endomyocardial biopsy. The endomyocardial biopsy 
can only be indicated in the woman for whom there is consideration for heart 
transplantation.

A summary done by Cunningham of the complete evaluation recommendations 
are shown in Figure 3.

8. Differential diagnosis

PPCM is a diagnosis of exclusion. The differential diagnosis includes common 
causes of pulmonary edema and cardiac failure. To avoid over diagnosis, careful 
attention to possible pre-existing heart disease including valvular disease and 
cardiomyopathies is crucial.

Sepsis syndrome causes endothelial inflammation and can result in myocardial 
dysfunction from sepsis-induced cardiomyopathy.

Pulmonary causes such as pneumonia facilitated by the immune tolerance dur-
ing pregnancy or pulmonary embolism resulting from the hypercoagulable peripar-
tum period might mimic a PPCM as well.

Figure 3. 
Evaluation of the woman with suspected peripartum cardiomyopathy. CBC, complete blood count; BMP, 
basic metabolic panel; LFT, liver function test; BNP, brain natriuretic peptide; LVEF, left ventricular ejection 
fraction; LVEDD, left ventricular end-diastolic diameter. (Cunningham [29]).
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Severe preeclampsia can cause pulmonary edema from a capillary– endothelial 
leak and decreased plasma oncotic pressure, and multifetal gestation and certain 
tocolytic agents increase this vulnerability. However, PPCM is only diagnosed in the 
presence of systolic dysfunction.

Differential 
Diagnosis

Considerations

Takotsubo 
cardiomyopathy

Echocardiogram may show classic apical ballooning

Familial 
cardiomyopathy

Family history, genetic testing

Pre-existing 
cardiomyopathy

History of HF prior to pregnancy; prior echo studies with low LVEF before 
pregnancy

Recurrent peripartum 
cardiomyopathy

Ask about symptoms of HF that occurred after a prior pregnancy

Pre-eclampsia Preserved systolic function on echocardiogram

Hypertrophic 
cardiomyopathy

Left ventricular hypertrophy, LVOT obstruction, preserved systolic function, 
genetic testing

Myocarditis Consider if viral prodrome, histological diagnosis, fulminant presentation

Arrhythmogenic 
right ventricular 
cardiomyopathy

Consider with family history, genetic testing, echocardiographic findings

Left ventricular 
noncompaction

Echocardiographic and CMR findings

Chemotherapy-related 
cardiomyopathy

History of chemotherapy, particularly doxorubicin

Valvular heart disease Echocardiographic findings; congenital aortic stenosis; mitral stenosis from 
rheumatic heart disease in endemic country. Patients with PPCM may also have 
valve disease, i.e., mitral regurgitation

Congenital heart 
disease

May be diagnosed for the first time during pregnancy by echocardiography

Tachycardia-
arrhythmia mediated 
cardiomyopathy

Consider if specific underlying rhythm abnormality. Note that sinus tachycardia 
may be secondary to heart failure during pregnancy

Hypertensive heart 
disease

Left ventricular hypertrophy; less common in young people unless very 
longstanding history of hypertension

Ischemic heart disease Cardiovascular risk factors; angina; prior CAD; consider SCAD and MINOCA 
diagnoses

Cardiomyopathy 
related to other 
systemic medical 
diseases

Consider in the appropriate context, i.e., systemic lupus erythematosus, 
antiphospholipid syndrome, hemochromatosis

Cardiomyopathy 
related to other acute 
conditions

May consider if patient has other conditions such as sepsis, treatment in intensive 
care unit, post-respiratory arrest

Pulmonary embolism Dyspnea, tachycardia with preserved LVEF

CAD, coronary artery disease; CMR, cardiac magnetic resonance imaging; HF, heart failure; LVEF, left ventricular 
ejection fraction; LVOT, left ventricular outflow tract; MINOCA, myocardial infarction in non-obstructive coronary 
arteries; PPCM, peripartum cardiomyopathy; SCAD, spontaneous coronary artery dissection.

Table 1. 
Differential diagnosis for heart failure during pregnancy.
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Other much less common causes of peripartum heart failure include thyrotoxi-
cosis, lupus erythematosus, myocardial infarction and Takotsubo cardiomyopathy. 
Echocardiography is sufficient to differentiate from these causes.

Potential causes of pregnancy-related HF are listed in Table 1 [36].

9. Treatment

9.1 Initial management

Patients with PPCM presenting with symptoms of acute severe heart failure 
require prompt treatment in an intensive care unit. Intravenous diuretics should be 
given to patients having pulmonary congestion and volume overload. The caution is 
required if volume control used before delivery to avoid hypotension and impaired 
uterine perfusion. For rapid diagnosis and decision-making, a pre-specified manage-
ment algorithm and expert interdisciplinary team are crucial (Figures 3–5) [53, 54].

9.2 Chronic heart failure management

In postpartum, Angiotensin-converting enzyme inhibitors or angiotensin 
receptor blockers can be used. The Angiotensin-converting enzyme inhibitors or 
angiotensin receptor blockers are contraindicated before delivery, a combination of 
hydralazine and organic nitrates can be used instead during pregnancy.

During pregnancy, β-Blockade should be considered. to avoid promoting uterine 
activity, β-1–selective agents can be preferable. Digoxin may be safely used during 
pregnancy, but its role is currently being debated [55, 56].

9.3 Bromocriptine and cessation of breastfeeding

There’s an increase of Serum levels of a fragment of prolactin, called 16 kDa pro-
lactin during the puerperal period. In PPCM patients, the 16 kDa prolactin fragment 
is overexpressed and is thought to initiate and perpetrate excessive oxidative stress 
through reactive oxygen species, which then induces apoptosis via ischemia–reperfusion 
and hypoxia-reoxygenation mechanisms. This increase of 16 kDa prolactin culminates 
in myocardial dysfunction and symptomatic heart failure [57, 58]. Dopaminergic inhibi-
tion of prolactin secretion achieved with bromocriptine, is thought to thwart prolactin’s 
deleterious effects on cardiac function [41].

The addition of bromocriptine to standard heart failure therapy PPCM patients 
appeared to result in significantly greater improvements in NYHA functional class, 
LV systolic and diastolic function, degree of functional mitral regurgitation, and 
low morbidity and mortality in PPCM patients than seen with standard therapy 
alone [35, 59–62].

Moreover, although bromocriptine stopped lactation in the PPCM patients, the 
survival and growth of those infants were normal [60].

Bromocriptine can be prescribed in women with symptoms of congestive heart 
failure, no other identifiable cause for heart failure finded, that developed in the 
last month of pregnancy or during the first month postpartum, having LVEF failure 
<35% by transthoracic echocardiography.

According to the guidelines of European Society of Cardiology, the use of 
Bromocriptine (2.5 mg once daily) for at least 1 week may be considered in uncom-
plicated cases, while prolonged treatment (2.5 mg twice daily for 2 weeks, then 
2.5 mg once daily for 6 weeks) may be considered in patients with EF <25% and/or 
cardiogenic shock [63].
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Figure 5. 
Management of acute heart failure during/after pregnancy (modified from Bauersachs et al. [53]). A diuretics 
have to be used with caution due to potential reduction in placental blood flow. ACE-I, angiotensin-converting 
enzyme inhibitor; AHF, acute heart failure; ARB, angiotensin receptor blocker; ECG, electrocardiogram; 
HF, heart failure; HR, heart rate; LVEF, left ventricular ejection fraction; MCS, mechanical circulatory 
support; MR, mineralocorticoid receptor; NIV, non-invasive ventilation; PDA, Peridural analgesia; PPCM, 
peripartum cardiomyopathy; RR, respiratory rate; SBP, systolic blood pressure; ScvO2, central venous oxygen 
saturation; SpO2, peripheral oxygen saturation; WCD, wearable cardioverter-defibrillator.

Figure 4. 
Management of acute heart failure during pregnancy: Rapid interdisciplinary workup and treatment of 
mother and foetus (modified from Bauersachs et al. [53]). AHF, acute heart failure; HF, heart failure.
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The bromocriptine should be not prescribed in women with systolic blood pres-
sure > 160 or < 95 mm Hg or diastolic >105 mm Hg; clinical conditions other than 
cardiomyopathy that could increase plasma levels of inflammatory markers such as 
sepsis, autoimmune disease, or HIV positivity; significant liver disease (defined as 
liver transaminase levels>2 times the upper limit of normal); history of peptic ulcer 
disease; history of psychiatric disorders; impaired renal function (defined as urea 
and/or creatinine >1.5 times the upper limit of normal [60].

Bromocriptine should not be used in the patient using triptans (for example, 
for the treatment of migraines), because of theoretical risks of serotoninergic 
syndrome or prolonged vasospastic reactions.

All patients receiving bromocriptine must receive standard heart failure therapy 
with at least prophylactic anticoagulation.

9.4 Thromboembolism and anticoagulation

Thromboembolic risk is higher in PPCM than other forms of cardiomyopathy 
[13]. The peripartum period is a hypercoagulable state [64], likely an evolutionary 
adaptation to minimize postpartum hemorrhaging. In patients with an LVEF <35%, 
the anticoagulation must be considered [65], at least during pregnancy and the first 
2 months postpartum. Heparin and unfractionated heparin are safe during preg-
nancy, and the unfractionated heparin is preferred because of its shorter half-life.

9.5 Arrhythmias and antiarrhythmic therapies

Beta-blockers and non-vasoselective calcium-channel blockers can be used safely 
for rate control of tachyarrhythmias. For PPCM patients, there are no guidelines for 
implantation of an implantable cardiac defibrillator (ICD). However, sudden cardiac 
death has been reported in PPCM patients with decreased LVEF in both the acute and 
chronic stages of this disease, as well as in those whose LVEF has completely normal-
ized, indicating that the risk of sudden cardiac death may persist well into recovery. It 
might be reasonable to consider ICD in patients with EF <30% with sustained ventric-
ular arrhythmias or history of survival after cardiac arrest, but this decision should be 
carefully weighed against the evidence that LV function improves within 6 months in 
the majority of patients. A suitable alternative is wearable cardioverter-defibrillator 
devices for patients with LVEF ≤35% to prevent sudden cardiac death [66, 67].

But it would be reasonable to consider ICD implantation in patients with persis-
tent NYHA class III or IV symptoms despite optimal medical therapy for 6 months 
and whose LVEF remains <30%.

9.6 Cardiac assist devices

Temporary circulatory support with inotropes, intra-aortic balloon pumps, LV 
and biventricular assist devices, and extracorporeal membrane oxygenation must be 
considered in patients who clinically deteriorate, despite optimal medical treatment, 
either as a bridge to recovery or transplantation [68]. As that LV function improves 
within 6 months in the majority of patients, the decision to refer the patient for 
cardiac transplantation should not be made too early. Results after transplantation in 
patients with PPCM are comparable to patients transplanted for other etiologies.

9.7 Obstetric management

Excessive volume depletion and angiotensin-converting enzyme inhibitors 
should be avoided. No published data exist to indicate that elective caesarian 
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delivery or early delivery can ameliorate PPCM or improve fetal prognosis. Apgar 
scores, mean birth weight and size, are lower in neonates born to women with 
PPCM, likely reflecting earlier gestational age at delivery [69]. Timing and mode 
of delivery must therefore be made by a team of obstetricians and cardiologists. 
Early delivery needs should be reserved for cases of impending peril to mother or 
fetus [70].

9.8 Subsequent pregnancies

Several studies highlighted the higher incidence of PPCM in women with high 
parity [11, 71, 72]. Increased morbidity and mortality is observed during subse-
quent pregnancies, especially in women with persistent left ventricular dysfunction 
after the first pregnancy [62–73]. Early contraception should be given in PPCM 
women [74].

10. Prognosis

The evolution is favorable. LV function improves within 6 months in the major-
ity of patients and will remain stable under drug treatment. The decision to refer 
the patient for cardiac transplantation estimated at 1–2% [12]. Prognosis of PPCM 
is better than the prognosis of other forms of dilated cardiomyopathy [75].

Mortality to 12 months is 4–14% [76, 77]. the addition of bromocriptine to stan-
dard heart failure therapy appeared to improve LVEF. A trial adding the prolactin 
blocker bromocriptine with standard therapy for heart failure reported an excellent 
6-month follow-up outcome in severely diseased patients having over 60% full 
recovery and 0%, heart transplantation, use of assist device and mortality [60].

Mortality between 2 and 5 years, ranging from 0 to 6% in American and French 
women [48–79], to 15–30% in women from Brazil, [80], China, [81] South Africa, 
[82] Turkey, [83–85] and the Philippines [86].

In USA the mortality ranging from 7 to 16% at between 7 and 8.6 years [16, 75, 77], 
the mortality was 23% at 6.1 years in India [87]. In Malaysia the mortality was 8.3% at 
6.4 years [88].

When myocardial recovery occurs in PPCM, There are no recommendations to 
determine the time of long-term treatment.

11. Conclusion

Management of peripartum cardiomyopathy is largely limited to the same 
neurohormonal antagonists used in other forms of cardiomyopathy, the addition of 
bromocriptine to standard heart failure therapy seemed to improve LVEF. LV func-
tion improves within 6 months in the majority of patients having optimal medical 
therapy. Whatever the evolution, long-term follow-up is essential. Early contracep-
tion should be given in PPCM women.
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Chapter 17

Myocarditis and Inflammatory 
Cardiomyopathy
Emanuele Bobbio and Kristjan Karason

Abstract

Activation of the inflammatory system occurs in most patients with advanced 
heart failure, regardless of etiology, and contributes to the pathophysiological 
milieu and the progression of the disease. The term inflammatory cardiomyopathy 
(ICM) refers to a group of disorders for which an acute or chronic myocardial 
inflammation is the central cause of abnormal cardiac structure or impaired cardiac 
function. The most common cause of inflammatory cardiomyopathy is lymphocytic 
myocarditis, which is most usually triggered by a viral infection, and occasionally 
by other infectious agents. Rare causes of specific inflammatory cardiomyopa-
thies include cardiac sarcoidosis, giant cell myocarditis and eosinophilic myocarditis. 
Inflammatory cardiomyopathy can also occur in connection with autoimmune 
inflammatory diseases. Typical manifestations of inflammatory cardiomyopathy 
include chest pain, heart failure, and arrhythmias, but these symptoms and signs 
are unspecific. Although non-invasive diagnostic methods are emerging, the gold 
standard of diagnosis is the histological examination of an endomyocardial biopsy. 
Owing to the invasive nature of this technique and a modest diagnostic sensitivity, 
its use is limited. Therefore, the identification of inflammatory cardiomyopathy 
is elusive and the true incidence of the condition remains unknown. In most cases 
of lymphocytic myocarditis, recovery occurs within a few weeks following sup-
portive treatment. In patients with cardiac sarcoidosis, giant cell myocarditis or 
eosinophilic myocarditis the use of immunosuppressive treatment is recommended, 
as is the case in myocarditis associated with autoimmune disorders. Such interven-
tions may also have beneficial effects in chronic viral myocarditis once the virus has 
been cleared. In severe cases, treatment with mechanical circulatory support and/
or heart transplantation may be required. Randomized intervention trials including 
antiviral, immunomodulating, or immunosuppressive agents are lacking. Similarly, 
new molecular-based methods and therapies tailored to specific pathogeneses 
have a potential to improve diagnosis and outcomes in patients with inflammatory 
cardiomyopathy. Still, such techniques and interventions are to be evaluated in 
adequate randomized controlled studies.

Keywords: myocarditis, inflammatory cardiomyopathy, lymphocytic myocarditis, 
cardiac sarcoidosis, giant cell myocarditis, eosinophilic myocarditis, heart failure, 
endomyocardial biopsy

1. Introduction

Myocarditis implies the presence of diffuse or focal inflammation in the  
cardiac muscle [1]. Although inflammation of the myocardium can be induced by 
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a wide variety of autoimmune disorders, hypersensitivity reactions and toxins, 
the predominant etiopathogenetic factor is infectious agents; these are mostly 
viral, but can also include bacterial and protozoal microbes [1, 2]. Still, in the 
individual case the etiology can be difficult to identify. Inflammatory cardio-
myopathy refers to a broad group of disorders for which inflammation of the 
myocardium represents the principal cause of ventricular remodeling and cardiac 
dysfunction (Figure 1) [3, 4]. This term is rather unspecific since as several 
cardiomyopathies a low degree of inflammation is present and an infectious 
agent can seldom be identified [1]. In contrast to hereditary cardiomyopathies, 
no monogenetic diseases cause inflammatory cardiomyopathy, although a genetic 
predisposition towards cardiotropic viruses and/or autoimmune reactions may 
occur in certain individuals [2, 5].

Myocarditis and inflammatory cardiomyopathy can be acute, subacute, or 
chronic [1]. The incidence and prevalence of these conditions are difficult to 
estimate as many cases are asymptomatic [2, 6] and the diagnosis is seldom  
verified with an endomyocardial biopsy (EMB) [7]. Nevertheless, myocarditis 
and inflammatory cardiomyopathy are noteworthy conditions related to poor 
outcomes, especially when complicated by heart failure and ventricular  
arrhythmias [5, 8]. This chapter will focus on cardiomyopathies associated with 
impaired cardiac structure and function for which inflammation is the pri-
mary cause.

2. Myocarditis and inflammatory cardiomyopathy

The previous histopathological diagnosis of myocarditis has traditionally been 
defined according to the Dallas criteria of 1986, which requires the presence of 
inflammatory cell infiltrates in the myocardial tissue and advocate classification 
into active forms with myocytolysis and borderline forms without cell necrosis 
[1, 5]. A histological diagnosis requires an endomyocardial biopsy, which is not only 

Figure 1. 
Inflammatory cardiomyopathy (ICM) refers to a broad group of disorders for which inflammation of the 
myocardium represents the principal cause of ventricular remodeling and cardiac dysfunction.
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resource-intensive, but also invasive with attendant potential for complications [9]. 
The Dallas criteria represented the first attempt to develop standardized diagnostic 
guidelines for the histopathological classification of myocarditis [10]. However, the 
practical use of these criteria is limited by their low sensitivity owing to variation  
in collection of the samples and inter-observer variability between different 
pathologists [7, 11].

In addition to histological examination, an endomyocardial biopsy can be exam-
ined with polymerase chain reaction (PCR) techniques to screen for cardiotropic 
viruses and with immunohistochemical methods to detect low-grade inflammation 
[1]. The value of these analyses is still unclear, however, as the results do not provide 
a clear guide with respect to the management and prognosis of inflammatory 
cardiomyopathy. For these reasons, many practitioners refrain from obtaining 
endomyocardial biopsies, with the result that myocarditis often becomes an exclu-
sion diagnosis based on clinical features and other clinical examinations [1].

Cardiac magnetic resonance (MR) has been used more extensively in recent 
years to diagnose and exclude myocarditis and inflammatory cardiomyopathy 
(Figure 2A) [12]. The ‘Lake Louise criteria’, a consensus guide to cardiac MR in 
myocardial inflammation were published in 2009 [13]. These criteria focused on 
three diagnostic targets in the myocardial tissue derived from a signal intensity 
assessment in T2-weighted images with early and late gadolinium enhancement: 1) 
edema; 2) hyperemia; and 3) necrosis or scar. A high likelihood of myocarditis is 
assumed to occur if two out of these three criteria are positive [13]. The Lake Louise 
Criteria have subsequently been widely used in both clinical and research settings.

18Ffluoro-deoxy-glucose (FDG) positron emission tomography/computed 
tomography (PET/CT) is emerging as a diagnostic tool for the assessment of 
myocarditis and inflammatory cardiomyopathy (Figure 2B) [14]. As the activation 
of inflammatory cells is associated with increased glucose utilization, [15] myo-
carditis can be detected by PET after intravenous administration of FDG. The CT 
is added to identify the localization of myocardial inflammation, which correlates 
anatomically with increased glucose turnover. As compared with cardiac MR, 

Figure 2. 
Images from a patient with cardiac sarcoidosis: A) cardiac MR (T2-weighted image) showing delayed 
enhancement (arrow) indicating inflammation and B) PET/CT displaying a general increase in glucose uptake 
in the cardiac muscle also indicating inflammation. Figure courtesy of Dr. Christian Polte.
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PET/CT is associated with reduced radiation exposure, and demonstrates higher 
sensitivity of for mild or borderline myocarditis, and increased specificity for 
chronic myocarditis [14].

3. Etiology

Cardiotropic viruses are the commonest causes of myocarditis in Europe and North 
America [2]. The most frequently-encountered etiological agents include enterovirus 
(Coxsackie B virus), adenovirus and parvovirus. Other viruses that are sometimes 
detected include influenza virus, hepatitis C virus, and HIV. The spirochete bacterium, 
Borrelia burgdorferi, may in rare cases cause myocarditis, which mainly affects the 
cardiac electrical system resulting in atrioventricular (AV) block [2, 5].

Chagas’ disease (American trypanosomiasis) is prevalent various countries 
of Central-and South America. The infection is caused by Trypanosoma cruzi, 
which is a protozoan parasite transmitted to humans by various species of 
triatomine bugs [16]. Trypanosoma cruzi can cause both acute myocarditis and 
a chronic inflammation leading to severe cardiomyopathy and advanced heart 
failure [16].

Myocarditis can also occur in connection with autoimmune diseases, mainly 
systemic lupus erythematosus, systemic sclerosis, and rheumatoid arthritis. 
Various pharmaceuticals and chemicals can cause myocarditis via a toxic or 
allergic reaction affecting the heart. Radiation, heat stroke and hypothermia  
are examples of physical injuries that have been associated with cardiac  
inflammation [1, 2].

4. Pathophysiology

The pathophysiological mechanisms of lymphocytic myocarditis have been 
studied in animal models for Coxsackie B virus and other cardiotropic viruses [17]. 
Coxsackie B virus, which is an RNA virus, is incorporated into the myocyte via a 
receptor and mediated endocytosis, after which virus replication occurs in the cyto-
plasm [2, 18]. Following toxic cell necrosis, the virus particles come into contact 
with the myocardial interstitial tissue and trigger an innate immune response. The 
myocardial tissue becomes infiltrated by macrophages and natural killer (NK) cells, 
which eliminate infected myocytes and produce several cytokines, including virus-
inhibiting interferon and tumor necrosis factor-α (TNF-α), a cardio-depressant [2]. 
Over time, the adaptive immune system is also stimulated, leading to recruitment of 
cytotoxic T-cells and neutralizing antibodies that contribute to viral clearance. An 
experimental form of viral myocarditis has been proposed to cause cardiomyopathy 
through three different mechanisms (Figure 3) [2].

1. Adequate immune activation leads to healing of the myocarditis within two to 
three weeks, but the damage is so extensive that a clinical phenotype of dilated 
cardiomyopathy arises [18].

2. An upregulated and overactive immune response may cause tissue  
damage through infiltrations of T-cells and autoantibodies (autoimmune  
cardiomyopathy).

3. A downregulated and ineffective immune response can lead to continuous 
apoptosis through a persistence virus infection (viral cardiomyopathy) [1].
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Findings that support the relationship between cardiotropic viruses and the 
development of cardiomyopathy in human studies include disturbances of T-cell 
regulation, inadequate expression of human leucocyte antigens (HLA) expressed 
and the presence of autoantibodies against cardiac epitopes [2].

5. Clinical features

Patients with myocarditis or inflammatory cardiomyopathy may present with 
a wide variety of symptoms and signs. The spectrum ranges from asymptomatic 
patients with minor changes on the electrocardiogram (ECG), or echocardiogram, 
to patients with fatigue, breathlessness, and palpitations and syncope due to 
impaired cardiac function or arrhythmias, and finally to patients with circulatory 
shock as a consequence of fulminant heart failure [19]. In some cases, the clinical 
presentation is preceded by influenza symptoms, upper respiratory tract infection 
or gastrointestinal discomfort, but in many cases, there are no prodromal  
symptoms [8].

Despite a large heterogeneity of the clinical picture, a few distinct forms can be 
identified.

1. Acute lymphocytic myocarditis presents with chest symptoms, comprising 
discomfort, pain, or palpitations, often combined with fatigue or breathlessness 
[19]. Fever and signs of infection can accompany the symptoms and myocardial 
biomarkers are frequently elevated. The ECG shows ST-T changes or arrhyth-
mias and an echocardiogram can show regional hypokinesia or impaired systolic 
function [20]. The most usual differential diagnosis is acute coronary syndrome, 
which in most cases requires an exclusionary coronary angiogram. The treatment 
is mainly supportive (Figure 4A).

2. Fulminant myocarditis is an unusual but a very serious condition [6, 21]. 
The patient presents with cardiogenic chock including hypotension, tachy-
cardia, and anuria without any other explanation for heart failure [22]. 

Figure 3. 
An experimental form of viral myocarditis has been proposed to cause cardiomyopathy through three different 
mechanisms.



Cardiomyopathy - Disease of the Heart Muscle

374

The echocardiogram displays poor ventricular contractility without dilation 
and a myocardial biopsy can be normal or show a varying degree of inflam-
mation [22]. Such patients often require intensive care, with administration 
of an inotropic and/or vasoconstrictive drug and, in some case short-term 
mechanical circulatory support (MCS) [4]. The pronounced ventricular 
failure frequently recovers within a few weeks. It has been speculated that 
the temporary cardio-depressive feature can be caused by an extensive storm 
of toxic cytokines, which would explain why the myocardial biopsy can be 
normal [21].

3. Cardiac sarcoidosis, giant cell myocarditis and eosinophilic myocarditis 
are examples of three additional clinical entities, which will be discussed 
 separately below.

6. Diagnostics

Laboratory analysis often reveals elevation of inflammatory activity and 
increases in circulating markers of myocardial injury, such as creatine kinase (CK) 
and troponin [8]. Elevation of natriuretic peptides indicates overt heart failure. 

Figure 4. 
Histopathological findings on endomyocardial biopsies from patients with inflammatory cardiomyopathy 
(tissue-staining with hematoxylin and eosin). A) Lymphocytic myocarditis. Dense lymphocytic cell 
infiltration with some residual cardiomyocytes. B) Cardiac sarcoidosis. Non-caseating epithelioid cell 
granulomas (arrows) and fibrosis. C) Giant cell myocarditis. Widespread myocardial lesions with 
degenerated and necrotic cardiomyocytes and infiltration of mononuclear inflammatory cells, giant 
multinuclear cells (arrow) and some eosinophils. D) Eosinophilic myocarditis. Massive interstitial 
eosinophilic cell infiltration. Figure courtesy of prof. Anders Oldfors.
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Virus serology is seldom conclusive. An ECG can show unspecific ST-T changes, 
T-wave inversions, AV block or tachyarrhythmia [20]. An echocardiogram can 
detect regional hypokinesia, as well as ventricular dilation and reduced ejection 
fraction [23]. A suspicion of myocarditis most often arises after a coronary angio-
gram has excluded an underlying coronary artery disease.

Cardiac MR is used for the workup of suspected myocarditis. With delayed 
enhancement techniques, general or focal accumulation of contrast can be 
seen, which differs from ischemic injuries and can be of value when deciding 
the localization of an endomyocardial biopsy [24]. The Lake Louise criteria can 
be applied to evaluate the likelihood for myocardial inflammation. A PET/CT 
that shows increased focal or general myocardial uptake of FDG supports the 
diagnosis.

An endomyocardial biopsy should be considered when acute or chronic heart 
failure of unclear genesis presents, as well as in patients with impaired left ventricu-
lar function of unknown etiology with contemporary arrhythmias of ventricular 
origin or a significant AV block [9]. If myocarditis is diagnosed this will influence 
treatment and determine the prognosis. Even if a myocardial biopsy is limited by 
suboptimal sensitivity and some risk, this investigation still serves as a pivotal tool 
for diagnosis of myocardial inflammation [7].

7. Treatment

Treatment of myocarditis and inflammatory cardiomyopathy is mainly support-
ive and conforms with standard medical therapy for other dilated cardiomyopathies 
[6]. Patients should receive conventional, guideline-directed medical heart failure 
treatment including beta-blockers, inhibition of the renin-angiotensin-aldosterone 
system with angiotensin-converting enzyme (ACE) inhibitors or an angiotensin-
receptor blocker (ARB), or as applied more recently, valsartan/sacubitril (an ARB 
combined with a neprilysin inhibitor [ARNI]), as well as a mineral corticoid antago-
nist (spironolactone or eplerenone) [25]. Sodium–glucose cotransporter-2 (SGLT-2) 
inhibitors are emerging as a new oral new therapy for heart failure patients who have 
reduced ejection fraction and are added to conventional therapy for patients both 
with or without diabetes [26, 27]. Loop diuretics should be added in patients who 
show signs of fluid retention [28]. If necessary, anti-arrhythmic therapy involving a 
pacemaker (PM) and/or an implantable cardioverter defibrillator (ICD) is indicated 
[6]. With severe heart failure, inotropic support may be necessary, or alternatively a 
short-term MCS [22]. The role of immunosuppression in myocarditis is controversial 
and its use as a general strategy is not advocated [29, 30].

Persons with acute myocarditis and mild myocardial infection frequently recover 
without any sequelae, but should refrain from heavy physical activity or sporting for 
at least 3 months due to an increased risk of ventricular arrhythmias [4].

8. Cardiac sarcoidosis

Sarcoidosis is a multisystem inflammatory disease of unknown etiology charac-
terized by the presence of mononuclear phagocytes and non-caseating granuloma 
in different organ systems [31]. Although clinical heart disease has been confirmed 
in around 5% of patients with systemic sarcoidosis, up to 25% of such patients 
display signs of cardiac sarcoidosis at autopsy, indicating asymptomatic cardiac 
disease [32, 33].
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The incidence of cardiac involvement varies between different ethnic groups: for 
example cardiac sarcoidosis is much more common among Japanese patients and 
African Americans than Caucasians [31]. A pronounced myocardial fibrosis can 
lead to a mixed picture of restrictive and dilated cardiomyopathy. The conduction 
system is more often affected in cardiac sarcoidosis than in other inflammatory 
cardiomyopathies, possibly due to an inflammation that is located in the atrium 
and the antero-septal wall of the left ventricle, which frequently leads to AV block 
[34, 35]. Granuloma formation can occur in all parts of the heart, but the cardiac 
valves and coronary arteries are usually spared [31]. The pericardium may also be 
involved, and pericardial fluid is present in 5-15% of cases [31].

It has been suggested that the incidence of cardiac sarcoidosis is increasing [36]. 
In the US, the incidence of transplant patients with cardiac sarcoidosis as their 
underlying condition increased from 0.1% to 0.5% between 1994 and 2014 [37]. 
Similar trends were reported from a Finnish nationwide cohort study [36]. However, 
this increase in incidence may be due to a progress in imaging techniques, increasing 
awareness and more aggressive diagnostics involving endomyocardial biopsies [36].

8.1 Etiology

Sarcoidosis is an inflammatory disease whose pathogenesis and inciting events 
are not well understood. Accumulating evidence suggests that the disease is caused 
by an immunological response to an antigenic trigger of unknown origin in geneti-
cally susceptible individuals [38]. Supportive of this are alleles of the HLA-DRB1 
locus, which are more common in patients with sarcoidosis [39]. In addition, expo-
sure to environmental triggers and to various micro-organisms have been linked to 
the development of the disease [40].

8.2 Pathophysiology

Non-caseating granulomas are the histopathological hallmark of cardiac sar-
coidosis (Figure 4B). The granuloma consists of a tightly packed follicle made 
up of lymphocytes (in particular CD4+ T cells), giant cells and epithelioid cells 
surrounded by a rim of fibroblasts and lymphocytes [41].

Clinical features of cardiac sarcoidosis depend on the location, extent, and activ-
ity of the disease. Cardiac sarcoidosis can also occur without clinical manifestations 
[31], but common symptoms include palpitations, dizziness and/or fainting [36]. 
Symptomatic cardiac sarcoidosis is a potentially serious condition that can lead to 
heart failure, life-threatening arrhythmias, and sudden death [42, 43].

8.3 Diagnostics

Emergence of symptoms and signs of heart disease in patients with known 
extracardiac sarcoidosis, especially young individuals with electrical conduction 
disturbances, should raise the suspicion of cardiac sarcoidosis. A careful history 
should be obtained with respect to palpitations, syncope and pre-syncope [31, 44]. 
An ECG may reveal unspecific ST-T changes, T-inversions, conduction disturbances 
or ventricular arrhythmias. Long-term electrocardiography can provide valuable 
additional information in the form of the numbers of both supraventricular and 
ventricular premature extra-systoles and supraventricular and ventricular tackyar-
rhythmias [45]. In clinically silent cardiac sarcoidosis, the echocardiogram is often 
normal, but with manifest disease, structural and functional aberrations become 
apparent [45, 46]. Those defects are variable and usually non-specific, although inter-
ventricular thinning, especially basal, left and/or right ventricle diastolic and systolic 
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dysfunction, and isolated wall motion abnormalities, may indicate cardiac sarcoidosis 
[31]. Cardiac MR, and to an increasing extent FDG-PET/CT, are today considered to 
be the best methods for detecting and visualizing sarcoidosis in the heart muscle [31]. 
Both techniques can visualize active inflammation (Figure 2) [47–49]. Although the 
pattern of late gadolinium enhancement on Cardiac MR is usually patchy and multifo-
cal, with sparing of the endocardial border, this is neither specific nor diagnostic for 
cardiac sarcoidosis [50, 51]. An endomyocardial biopsy that displays non-caseating 
granulomas strongly supports the diagnosis, but is not pathognomonic.

In patients with extra-cardiac sarcoidosis, a lymph node or lung biopsy is typi-
cally preferred to endomyocardial biopsy because of the lesser procedural risk and 
higher diagnostic yield [36, 48]. However, in the case of a negative extra-cardiac 
biopsy, an endomyocardial biopsy may be required. Nevertheless, owing to the 
patchy distribution of the disease, and endomyocardial biopsy reveals non-caseat-
ing granulomas in less than 25% of patients [52].

8.4 Treatment

A strong suspicion of cardiac sarcoidosis motivates treatment with high dose 
corticosteroids with slow tapering. Studies have shown regression of high-grade AV 
block after corticosteroid treatment, as well as a reduced frequency of ventricular 
arrhythmias in the acute phase of the disease [53]. Most patients - but not all - 
benefit from this treatment. Methotrexate is also an option, but is mainly given to 
facilitate tapering of steroids and, thus, alleviate their side effects [31]. The optimal 
treatment period for corticosteroids is still debated, but should not be less than one 
year and, in most cases, should be longer. If a decision is made to end corticosteroid 
treatment, it is important to follow the patient closely for possible relapse, espe-
cially during the first year [36].

Antiarrhythmic drugs usually have only a limited effect on rhythm disturbances 
in patients with cardiac sarcoidosis. Beta-blockers are the first choice for both 
supraventricular and ventricular arrhythmias [53] and amiodarone can be tested 
in acute situations with ventricular tachycardia (VT). If the arrhythmia events are 
associated with active inflammation, corticosteroids should be added or their dose 
increased. If satisfactory results are not achieved, VT ablation may be considered 
[34, 35]. Class I anti-arrhythmic agents are not recommended in patients with 
cardiac sarcoidosis as most patients have structural myocardial changes in the form 
of myocardial fibrosis. Because of the tendency towards persistent VT attacks and 
a high risk of sudden death, implantation of an ICD must be considered and should 
be discussed with the patient at an early stage. A recent international consensus 
document on sarcoidosis-related arrhythmias provides guidance on which patients 
should be considered for ICD implantation [34]. In those with a high-grade AV 
block, an implantation of a permanent pacemaker is indicated [44].

Heart failure owing to cardiac sarcoidosis should always be treated with 
guideline-directed medical therapy, as described above. Heart transplantation is 
an option for patients in NYHA functional class IIIB-IV or in those with intractable 
arrhythmias, with satisfactory outcomes [54]. However, there is a risk of recurrence 
of the sarcoidosis in the transplanted heart and little is known about long-term 
morbidity and mortality in this group after heart transplantation [55].

9. Giant cell myocarditis

Giant cell myocarditis (GCM) is a rare inflammatory heart disease of unknown 
etiology, which is associated with thymoma, inflammatory bowel disease and 
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other autoimmune disorders [1]. The myocardial inflammation is characterized by 
widespread infiltration of giant cells along with several other inflammatory cell 
types that cause myocyte destruction [43]. Giant cells themselves are abnormal cell 
masses generated by the fusion of several macrophages (Figure 4C). Evidence sug-
gests that this phenomenon may arise in response to immune dysregulation medi-
ated by T-lymphocytes [43]. Giant cell myocarditis has been commonly depicted as 
a rapidly progressive and usually fatal condition for which heart transplantation is 
the treatment of choice [56]. The disease caught attention in the 1990’s when the 
International Multicenter Giant Cell Myocarditis Study Group reported that 89% 
of the 63 included patients with the disease either required heart transplantation or 
died. The median transplant-free survival rate was only 5.5 months [56]. In a later 
analysis, the overall transplant-free survival at 5 years in patients with giant cell 
myocarditis was reported to be as low as 10% [57]. However, previous epidemio-
logical studies are confounded by the fact that most patients were diagnosed after 
heart transplantation or at autopsy.

The initial symptoms of giant cell myocarditis comprise chest pain, palpita-
tions, fatigue, breathlessness and ankle swelling. Individuals with giant cell myo-
carditis often exhibit advanced heart failure and life-threating arrhythmias [21]. 
Endomyocardial biopsy is the gold standard for diagnosis [9]. Cardiac MR and PET/
CT are useful for identifying targets for biopsy. The combination of cardiac MR  
and endomyocardial biopsy has been shown to improve detection rates. When a 
clinical suspicion remains high despite a negative biopsy, repeat sampling is  
recommended [1].

Patients who are diagnosed in the early phase of the disease may respond to 
immunosuppressive treatment, including calcineurin inhibitors (tacrolimus or 
cyclosporine), an antimetabolite (mycophenolate mofetil or azathioprine) and 
prednisolone, but an ongoing disease process rapidly damages the heart, which is 
why heart transplantation often becomes the only realistic treatment option. Owing 
to the severity of heart failure and the presence of treatment-resistant ventricular 
arrhythmias, patients with giant cell myocarditis frequently develop multiorgan 
failure and require durable mechanical support with either a left ventricular or a 
bi-ventricular assist device as a bridge-to-transplantation [55]. Patients treated 
with combined immunosuppression have a median survival of 12.3 months from 
the onset of symptoms, compared to 3.0 months without immunosuppression [58]. 
Early and aggressive arrhythmia management, including radiofrequency catheter 
ablation, has been suggested to prolong survival [59]. Early initiation of immuno-
suppressive therapy also seems to improve outcomes in patients with this aggressive 
cardiac disease [59].

10. Eosinophilic myocarditis

Eosinophilic myocarditis is a rare and potentially lethal disease characterized by 
eosinophilic infiltrates in the myocardial tissue (Figure 4D). It may occur in asso-
ciation with malignancy, parasite infection, hypersensitivity, and also an idiopathic 
hyper-eosinophilic syndrome [60, 61]. However, the relative associations between 
proposed triggers and myocardial eosinophilia remain elusive and, in most cases, 
the underlying cause remains unknown [1, 60]. The clinical presentation can range 
from mild symptoms to chronic restrictive cardiomyopathy (Loeffler cardiomy-
opathy) or acute fulminant myocarditis (also called acute necrotizing eosinophilic 
myocarditis) [60]. The definite diagnosis of eosinophilic myocarditis can only be 
achieved with an endomyocardial biopsy, although clinicians often base the diagno-
sis on laboratory findings and imaging examinations, mainly cardiac MR [1, 9].
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In most cases, eosinophilia can be detected in peripheral blood samples and 
this finding together with cardiac symptoms should always raise suspicions of 
eosinophilic myocarditis. However, in the early stage of the disease, peripheral 
eosinophilia may be absent and it may not develop at all in a subgroup of patients. 
Circulating markers of inflammation and myocardial injury are often increased 
and natriuretic peptides increase in parallel with the severity of the heart failure 
syndrome. Normal laboratory tests do not, however, exclude the presence of the 
disease [60].

The ECG is often abnormal, mainly demonstrating ST-T segment abnormalities, 
but this is neither sensitive nor specific for eosinophilic myocarditis. The echo-
cardiogram is of pivotal importance with respect to excluding other heart failure 
etiologies, evaluating left ventricular systolic and diastolic function and monitoring 
the presence of pericardial effusion. Cardiac MR allows for the identification of 
edema and diffuse foci of delayed enhancement reflecting myocardial inflamma-
tion, necrosis and fibrosis. In stable patients, it is reasonable to perform cardiac 
MR imaging prior to endomyocardial biopsy, as the former may help to identify 
focal pathology through late enhancement and guide myocardial tissue sampling. 
However, in unstable patients an endomyocardial biopsy should be prioritized [60, 
62, 63]. Eosinophilic myocarditis, particularly in its fulminant form, is associated 
with high in-hospital mortality, but owing to the rarity of the disease, no reliable 
data on mortality rates are available. Its incidence and prevalence are probably 
under-estimated, as the disease is most usually discovered post-mortem [60].

The treatment and prognosis of eosinophilic myocarditis depends on its etiology. 
In the acute phase, restriction of physical activity is an important measure. In selected 
patients, particularly in those with suspected autoreactive etiology and negative 
virology, early treatment with corticosteroids has resulted in advantageous outcomes 
[64]. Nevertheless, the evidence supporting corticosteroid therapy is limited, deriv-
ing from small, non-randomized studies. Moreover, the initial dosage and treatment 
duration vary between different reports and, therefore, no evidence-based recom-
mendations can be presented. It is not unreasonable, however, to adjust the steroid 
dose and treatment duration to the severity of the disease and the primary underlying 
disorder [60, 62, 64]. The monoclonal antibody benralizumab, which binds to the 
interleukin-5 receptor on the cell surface and causes apoptosis of eosinophils, has 
recently been advocated as a promising new therapeutic strategy for eosinophil 
myocarditis [60].

11. Conclusions

Inflammatory cardiomyopathy refers to a diverse group of disorders in which 
inflammation of the heart muscle is accompanied by disturbances of cardiac struc-
ture and/or function. The diagnosis of these disorders remains challenging despite 
recent advances in imaging and molecular biology techniques. Together with careful 
anamnestic enquiry, physical examination and laboratory tests, a comprehensive 
diagnostic work-up, including both non-invasive and invasive methods, is required 
to reach a conclusion with respect to identification, management and prognosis. 
Although cardiac MR and PET/CT represent fundamental non-invasive diagnostic 
methods, endomyocardial biopsy remains the gold standard. Regular treatment 
of inflammatory cardiomyopathies is based on the guideline-directed therapy for 
heart failure and arrhythmias. More targeted therapies, including immunomodu-
lating treatment, can be indicated only when histopathological findings from 
the endomyocardial biopsy are known. However, owing to a lack of evidence, an 
individual assessment of each patient is of vital importance for the management of 
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are needed to generate evidence-based treatment recommendations in this specific 
group of patients.
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Cardiac Amyloidosis
Csilla Andrea Eötvös, Giorgia Pastiu, Iulia Zehan, 
Cerasela Goidescu, Roxana Chiorescu, Roxana Lazar, 
Florina Frîngu, Raluca Tomoaia, Monica Pop, Adrian Molnar, 
Sorin Pop and Dan Blendea

Abstract

Amyloidosis represents a heterogeneous group of disorders caused by 
amyloid fibril deposition in the extracellular space in different organs. Among 
the many types of amyloidosis cardiac involvement occurs almost exclusively 
with immunoglobulin light chain amyloidosis (AL amyloidosis) or transthyretin 
amyloidosis (ATTR amyloidosis). When present cardiac amyloidosis (CA) has a 
significant impact on disease prognosis. The typical clinical presentation in CA is 
that of a restrictive cardiomyopathy. Clinical suspicion of CA is based on clinical, 
laboratory and electrocardiographic findings. The diagnosis is confirmed using 
echocardiography, cardiac magnetic resonance imaging, biopsy, and/or bone 
scintigraphy. A precise definition of amyloidosis type is essential for choosing the 
specific treatment for this condition. Treatment of CA has two components: general 
treatment of congestive HF, and specific treatment of the underlying protein 
misfolding disorder.

Keywords: cardiomyopathy, amyloidosis, restrictive cardiomyopathy

1. Introduction

All types of amyloidosis involve deposition of amyloidogenic protein, composed 
of low molecular weight subunits, most of which circulate as plasma components. 
The amyloid deposits are formed by subunit proteins which originate from soluble 
precursors. These proteins have undergone conformational changes that generated 
an antiparallel beta-pleated sheet.

There are more than 30 precursor proteins that can form deposits in the 
extracellular space and can generate progressive organ dysfunction.

The majority of cases of amyloidosis are caused by 3 subtypes: the most common 
form, which accounts for approximately 70% of all cases is AL amyloidosis, due to 
the deposition of misfolded immunoglobulin light chains. The other two forms with 
increased prevalence are ATTR amyloidosis caused by deposition of transthyretin 
either as wild-type (ATTRwt) form, or mutated/variant (ATTRv) [1].

CA is a myocardial infiltrative disease due to amyloid fibril deposition in 
the extracellular space of the heart. The infiltrative process results in increased 
thickness of the left ventricular wall, diastolic dysfunction and HF.

Until about a decade ago amyloidosis used to be considered a rare condition, 
managed primarily by hematologists, neurologists and nephrologists. CA used to be 
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diagnosed late in the evolution of the disease, with negative impact on prognosis of 
these patients. In the last few years there has been and increased emphasis on early 
diagnosis on optimization of screening and diagnosis of CA. The reason for this is 
the advent of targeted therapies, which showed increased efficacy in treating CA if 
they are applied early in the course of the disease [2].

Systemic forms of amyloidosis affecting the heart, are mainly AL, ATTRwt, and 
some forms of ATTRv amyloidosis [1].

2. Pathophysiology and epidemiology of CA

The pathophysiology of CA is complex. Amyloid infiltration of the heart leads to 
a decrease in ventricular compliance. This in turn creates the premises for diastolic 
dysfunction. The decrease in ventricular compliance is associated with an elevation 
in ventricular filling pressures. Backward transmission of high filling pressures 
results in bi-atrial dilatation and stasis.

AL amyloidosis is usually caused by a small clonal B cell or plasma cell 
population, with about 10% of patients having multiple myeloma [3]. From a 
pathophysiological standpoint there is interstitial deposition of immunoglobulin 
light chains, as well as direct toxicity on the myocytes caused by the free light 
chains. These chains can induce lysosomal dysfunction, oxidative stress, apop-
tosis, and dysregulation of MAP kinase signaling transduction pathways as well 
as autophagy [4]. The amount of cardiac involvement independently predicts 
mortality [4].

Transthyretin (TTR), which is a transport protein for retinol and thyroid 
hormone synthesized by the liver, can form amyloid fibrils when it dissociates from 
tetramers into monomers. The destabilization tetramers with accumulation of TTR 
monomers can result from gene mutations in the TTR gene (ATTRv) or are the 
result of age-related processes (ATTRwt) [4].

The pathophysiology of CA is complex. Amyloid infiltration of the heart leads to 
a decrease in ventricular compliance. This in turn creates the premises for diastolic 
dysfunction. The decrease in ventricular compliance is associated with an elevation 
in ventricular filling pressures. Backward transmission of high filling pressures 
results in bi-atrial dilatation and stasis.

Detailed information regarding the epidemiology of CA is lacking. Gilstrap et 
al., in a study published in 2019, found a prevalence rate of CA among Medicare 
beneficiaries of 8–17 per 100,000 person-years. The incidence rate in the same 
study was 18–55 per 100,000 person-years [5]. The prevalence of AL amyloidosis 
has increased 2.6-fold in the United States between from 15.5 cases per million in 
2007 to 40.5 in 2015 [6].

Cardiac involvement in AL amyloidosis is a major determinant of prognosis, 
with mean survival time is only about 6 months without treatment in cases with 
advanced cardiac disease and HF [7]. The median overall survival is extended to 
>5 years if modern treatment strategies are used [1].

3. Clinical manifestations

The clinical presentation of patients with amyloidosis is heterogeneous and 
nonspecific and, varies depending on the degree of organ involvement. The onset of 
symptoms depends on the type of amyloidosis.

Amyloid infiltration of the heart can generate symptoms and signs that are 
common in restrictive cardiomyopathy.
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Lower extremity edema is a nonspecific clinical manifestation, which is common 
in different conditions associated with heart failure (HF). It can be associated with 
the elevation of jugular venous pressure, pleural effusion, ascites, pain in the right 
hypochondriac region caused by liver congestion, dyspnea at exertion or at rest and 
orthopnea. These symptoms are related predominantly to right ventricular failure 
and restrictive cardiomyopathy, which is one of the most common forms of presen-
tation in CA [8].

Another symptom that can occur in CA is presyncope or syncope consequent to 
bradyarrhythmias or high-degree/complete atrioventricular block. Loss of con-
sciousness is often present in AL amyloidosis and in some cases can have combined 
etiology [9]. Furthermore, hypotension induced by autonomic neuropathy may lead 
to syncope in patients with amyloidosis.

Sometimes, patients complain of palpitations which occur in the setting of 
atrial fibrillation (AF) due to the infiltration of the atrium with amyloid deposits 
or by the dilated atrium secondary to restrictive cardiomyopathy. This is the most 
common described arrhythmia, found in 10–15% of the patients [10]. Ventricular 
tachyarrhythmias can occur in advanced stages of the cardiomyopathy, however 
sudden cardiac death often due to electromechanical dissociation [9].

In advanced forms of CA with systolic dysfunction, the patient can exhibit 
signs and symptoms of low cardiac output such as fatigue, dizziness, weakness, 
hypotension, delayed capillary refill and decreased pressure of pulse wave.

Angina or myocardial infarction, rare manifestations of CA, may develop as a 
cause of microvascular dysfunction or amyloid deposits in the coronary arteries 
[8]. However, an in vitro experiment performed by Liao R. et al. showed that 
amyloidogenic light chains may have a direct toxic effect on cardiac myocytes 
[11] and it can explain why patients with AL amyloidosis have poorer quality 
of life than patients with ATTR amyloidosis with the same degree of cardiac 
involvement.

Extracardiac organ involvement leads to a plethora of other signs and symptoms 
in amyloidosis. Because of the variety of the manifestations such as nephrotic 
syndrome, gastrointestinal symptoms, pulmonary disease, bleeding diathesis, 
macroglossia, purpura, musculoskeletal abnormalities, carpal tunnel syndrome, the 
diagnosis is often delayed [12].

Due to the multisystemic involvement of this pathology, it is worth to 
mention that pulmonary disease is seen in about 50% of cases. Pulmonary 
amyloidosis has different patterns such as diffuse alveolar septal involvement, 
tracheobronchial and nodular parenchymal amyloidosis. Clinical manifestations 
of pulmonary amyloidosis could be misinterpreted because of the nonspecific 
signs and symptoms such as dyspnea at exertion, weight loss or productive 
cough. Because of the poor prognosis of these patients, as we can see in CA too, 
pulmonary involvement must be searched during the work-up and specific treat-
ment should be initiated.

Given these clinical considerations, CA should be considered in the differen-
tial diagnosis in a patient with HF, unexplained left ventricular hypertrophy and 
preserved ejection fraction.

4. Laboratory and electrocardiographic findings in CA

There is no specific serum biomarker for the ATTR subtype. In the case of 
AL amyloidosis however, blood screening tests are available and these include 
electrophoresis and immunofixation of serum and urine proteins, as well as 
quantification of immunoglobulin free light chain levels with evaluation of the 
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kappa - lambda ratio [13]. Due to the possible presence of a monoclonal gam-
mopathy of undetermined significance (MGUS) in up to 5% of the general popu-
lation aged >65 years, positive laboratory findings need to be carefully evaluated 
[13]. In the meantime, the cardiac amyloidosis’ ATTR subtype may coexist with 
MGUS and needs to be differentiated from the AL subtype by seeking evidence 
of amyloid infiltration in affected organs with identification of the precursor 
protein [13].

Amyloid fibrils deposition in the myocardium is often correlated with the onset 
of arrhythmias and conduction abnormalities, consequently highlighting the key 
role of the electrocardiogram (ECG) in the diagnostic assessment [14]. One of the 
ECG findings is the presence of diffuse low voltage in the limb and/or precordial 
leads [15]. Even if this ECG finding is not very sensitive and it generally occurs 
only in late the stages of the disease, it is common, specific and has prognostic 
signficance in patients with CA [16]. In order to increase the diagnostic sensitiv-
ity, a low-voltage-to-mass ratio assessment was suggested (given the discordance 
between the low voltage on the ECG and the left ventricular hypertrophy on cardiac 
imaging) (Figure 1) [16].

Another important finding on the ECG, which is present in up to 70% of 
these patients, is the pseudoinfarction pattern which consists of pathologic Q 
or QS waves in any two consecutive leads, but without any history of infarction 
and without wall motion abnormalities [16]. As previously mentioned, patients 
with CA also tend to develop, as the disease progresses, arrhythmias which 
range from brady- and tachyarrhythmias or sudden cardiac death [17]. The most 
common arrhythmia noted in CA is AF (up to 70% of patients), but ventricular 
arrhythmias such as premature ventricular beats or ventricular tachycardia can 
also occur [18]. Conduction disease is also common and appears to be more 
frequent in the wtATTR subtype. This last condition can require implant of a 
pacemaker [18].

Figure 1. 
ECG with low voltage seen in the frontal plane leads in a patient with AL type cardiac amyloidosis.
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5. Diagnostic suspicion of CA

In the past CA used to be underdiagnosed, given its nonspecific symptoms 
and because it was thought to be a rare condition. In order to improve diagnostic 
specificity and sensitivity different “red flag” signs can be used to raise the clinical 
suspicion and allow an early diagnosis [16].

ATTR amyloidosis which consequentially determines cardiac amyloid infiltra-
tion is usually preceded years before onset by various clinical entities such as: 
carpal tunnel syndrome, lumbar spinal stenosis, and biceps tendon rupture [16]. 
Moreover, ATTR is also often associated with sensoriomotor polyneuropathy, 
autonomic dysfunction as orthostatic hypotension, erectile dysfunction, gastroin-
testinal motility disorders or urinary retention [16].

Even if not sensitive, macroglossia and periorbital purpura are specific signs for 
the AL amyloidosis and are rare seen in ATTR subtype. Other “red flags” for AL 
subtype include hepatomegaly and peripheral neuropathy, but these are neither 
sensitive, nor specific for this condition. Also, when facing patients with undiffer-
entiated cardiac hypertrophy and nephrotic proteinuria, AL amyloidosis should be 
considered as a possible diagnosis [16].

6. Echocardiography in CA

Transthoracic echocardiogram is the most common non-invasive imaging 
tool used in patients with suspected or confirmed amyloidosis. In 1975 Chew et 
al. described for the first time the echocardiographic appearance of CA, based on 
M-mode tracings. The features seen were: normal diastolic size of the left ventricle, 
increased systolic dimension and pericardial effusion; given these findings‚ the 
term” stiff heart” was chosen in these patients [19, 20].

Later on more echocardiographic features were added to the amyloid phenotype: 
symmetric thickness of the left ventricular wall in patients with no history of hyper-
tension or aortic valvular abnormalities, hypokinetic interventricular septum and 
posterior left ventricular wall with decreased systolic thickening, normal or small left 
ventricle cavity, increased thickness of the right ventricular anterior wall, dilated left 
atrium, a decrease of the E-F slope (given reduced ventricular compliance) [19, 21–23].

6.1 Two-dimensional echocardiography

The development of two-dimensional echocardiography offered the posibility 
to describe further the amyloid phenotype [20]. Some defining features of CA are 
represented by left ventricular hypertrophy with a normal/reduced cavity volume, 
increased thickness of the right ventricular wall and the valves (especially aortic 
and mitral valves), and bi-atrial enlargement (Figures 2 and 3) [24, 25].

Concerning the left ventricular wall thickness, it has a different pattern depend-
ing on the amyloidosis type: symmetrical in AL and asymmetrical in ATTR [26]. 
The presence of extracellular amyloid deposits gives the myocardium a, “granular 
sparkling” appearance, better visualized at the interventricular septum [27]. A 
small pericardial effusion or dilated inferior vena cava are often observed as signs of 
a restrictive filling pattern [28].

6.2 Doppler

In the 80s, Doppler ultrasound offered new possibilities to characterize the 
heart’s function and structure, providing a more accurate diagnosis, and the 
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diastolic dysfunction became a main feature of CA. First studies, performed by 
Klein et al. revealed that in early stages, when the parietal thickness of the left 
ventricle is 12-15 mm, there is an abnormal relaxation with a reduced early filling 
velocity, elevated late velocity, reduced early to late velocitsy ratio and longer 
isovolumic relaxation time. Contrary to this, in late-stage CA associated with 
significant ventricular wall thickening (parietal thickness equal to or more than 
15 mm) an elevated E/A ratio was observed, suggesting a restrictive cardiomy-
opathy [19, 27]. In late-stage disease the deceleration time is markedly reduced 
(restrictive pattern).

The diastolic function is usually severely impaired, with a restrictive pattern 
defined by a decrease deceleration time on the transmitral pulsed Doppler and low 
tissue Doppler velocities in the left ventricular wall; E/e’ is often higher than 15, 
which suggests elevated filling pressures (Figure 4) [29].

Figure 2. 
2D echocardiogram (apical 4 chamber view and parasternal short axis view) in a patient with AL type 
cardiac amyloidosis revealing increased thickness of the left ventricular walls.

Figure 3. 
2D echocardiogram (apical 2 chamber view, M-mode in parasternal long axis view and apical 4 chamber 
view) in a patient with AL type cardiac amyloidosis revealing increased thickness of the left ventricular walls, 
biatrial dilatation and hypertrophic interatrial septum.
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6.3 Speckle-tracking echocardiography

The speckle-tracking echocardiography (STE) plays a major role in evaluation of 
patients with CA, being a sensitive echocardiographic technique which detects cardiac 
damage due to amyloid infiltration from early stages, even when other classic param-
eters are still in range [30]. In patients with CA, a reduced global longitudinal strain 
can be observed when the left ventricular ejection fraction is still preserved [31].

Speckle tracking imagining in CA reveals reduced longitudinal shortening at the 
basal and mid-ventricular level with preserved longitudinal function at the apex 
[31]. This pattern, described by Phelan et al. as ‘relative apical sparing’ is a helpful 
tool, both sensitive and specific, to make a diagnosis of CA [32]. Longitudinal strain 
bull’s eye plot has a typical pattern that is easy to recognize. The mechanism that 
determines this pattern is not yet clearly understood. Proposed mechanisms include: 
1. a reduced infiltration with amyloid fibrils at the apex, compared to basal segments; 
2. an increased tendency towards apoptosis at basal level, as a result of the higher 
parietal stress [25, 28, 33]. This typical appearance was first described in late-stage 
CA, but there are studies that suggest its presence in less affected hearts [31, 34].

Figure 4. 
2D echocardiogram with tissue Doppler sample at base of the interventricular septum and pulsed-wave 
Doppler at mitral valve inflow in a patient with AL type cardiac amyloidosis revealing impaired relaxation, 
septal e’ of the LV decreased and a pseudonormal pattern.

Figure 5. 
Left ventricular strain image with impaired longitudinal shortening at basal and mid-ventricular level with 
preserved longitudinal function at the apex (relative apical sparing) as seen in the bull’s eye plot on the right.
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Figure 6. 
MRI images: short axis 2D myocardial delayed enhancement (left) and four-chamber 2D myocardial delayed 
enhancement (right): diffuse, inhomogeneous late gadolinium enhancement, suggestive of cardiac amyloidosis.

2D STE is helpful in differentiating the thickness of myocardium caused by amy-
loidosis from a real left ventricular hypertrophy. In CA a systolic septal longitudinal 
base-to-apex strain ratio more than 2.1 in association with a low deceleration time 
is useful to differentiate it from patterns encountered in other types of ventricular 
thickening, such as true hypertrophy (Figure 5) [19, 31].

7. Magnetic resonance imaging in CA

The use of cardiac magnetic resonance (CMR) in patients with CA allows a 
good definition of cardiac morphology, ventricular and valvular function, and the 
possibility to analyze the structure of the ventricular wall [35]. However, the main 
benefit of CMR imaging in this disease remains the evaluation of the ventricular 
diastolic function and the structure of the ventricular wall.

The gadolinium contrast agents are very useful in characterizing the myocardial 
wall structure due to the differences in clearance of gadolinium between normal 
myocardium, edematous or scarred myocardium, and myocardium with amyloid 
deposits.

The gadolinium contrast agents accumulate in extracellular spaces of both 
normal myocardium and diseased one, but it is rapidly washed out from the normal 
areas, remaining in the pathological areas, late after the contrast has washed out 
from the normal tissue. The late gadolinium enhancement (LGE) of the myocar-
dium has different patterns in different diseases, which, together with the other 
functional changes that can be evaluated by MRI. The ischemic scars appear as 
subendocardial LGE in a coronary territory, usually associating the thinning of the 
myocardial wall. In contrast to this, the amyloid deposits appear as subendocardial 
LGE that extend beyond a coronary artery territory (the “arch” shaped LGE) and is 
usually associated with increased wall thickness. In more severe stages the suben-
docardial LGE can be diffuse (the “annular” shaped LGE) or it can even become 
a transmural LGE [36]. These aspects can combine in the same patient, as they 
represent a continuum from no amyloid deposits and no LGE to subendocardial 
LGE and then to diffuse and transmural, intense LGE [37].

The expansion of the extracellular space due to amyloid deposition can also 
be measured by the T1 mapping technique allowing monitoring of the treatment 
response [38]. The extracellular volume (ECV) is below 28% in normal situations 
and can increase significantly with edema and fibrosis, but also with amyloid 
deposition. An increase above 40% of ECV is a highly suggestive sign for amyloi-
dosis in patients with high pretest probability; this sign appears early, before LGE 
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appearance [39]. Given the T1 mapping technique which allows objective measure-
ment of the extracellular volume, the response to treatment can be monitored 
(Figure 6) [40].

8. Nuclear medicine: radionuclide scintigraphy

Bone affinity isotope scintigraphy plays an important part in the early diagnosis 
of ATTR-type CA and in its differentiation from AL amyloidosis and other types of 
hypertrophic heart disease [41].

The radiotracers recommended in diagnosing ATTR amyloidosis are: 99 mTc - 
PYP (pyrophosphate), 99mTc - DPD (3,3-diphosphono-1,2-propanodiacarboxylic 
acid) and 99mTc-labeled hydroxymethylene diphosphonate (HMDP) [42]. They 
have an increased affinity for calcium. In ATTR-type amyloidosis, the extracel-
lularly deposited amyloid, at the cardiac level, contains a protein that binds amyloid 
fibers through a calcium-dependent mechanism, which explains the affinity of 
these radiotracers for this type of amyloid [43]. There are comparative studies on 
endomyocardial biopsies, which show that patients with ATTR amyloidosis present 
more frequent microcalcifications in comparison to those with AL amyloidosis. In 
very few cases, however, patients with AL amyloidosis may have microcalcifications 
and in these situations scintigraphy with bone affinity radiotracers may be slightly 
positive [44].

Other radiotracers that can be used to highlight CA and differentiate it from 
other hypertrophic cardiomyopathies are as follows: 11C-Pittsburgh compound B 
(11C-GDP), 18F-florbetaben, and 18F-florbetapir. They have affinity for both the 
AL-type amyloid and ATTR and require further clinical trials for validation [41, 43].

The scintigraphy using the 123I-metaiodobenzylguanidine tracer can also 
detect the sympathetic denervation of the heart and thus patients at risk of cardiac 
arrhythmias can be identified [41, 45].

High levels of light serum and urinary chains or of medullary plasma cells are 
suggestive of AL-type amyloidosis, and biopsy is required to confirm amyloid 
deposits. In this case, myocardial scintigraphy is performed only to obtain addi-
tional information [41].

When monoclonal gammopathy is not present, myocardial scintigraphy with 
bone avidity radiotracers is required. If it reveals abnormal uptake of the radiotracer 
at the myocardial level, the diagnosis of ATTR amyloidosis is made with a sensitiv-
ity of 100%. Biopsy is not required for detecting amyloid deposits [41].

The myocardial scintigraphy protocol with bone affinity radiotracers involves 
monoplane imaging (anterior and posterior), 3 hours after the intravenous admin-
istration of the isotope, which allows the identification of radioactive tracer uptake 
and its quantification by visual evaluation of the Perugini score (0- no uptake, 1 
- low uptake, of subcostal intensity, 2 - significant uptake, of intensity equal to that 
of the ribs, 3 - important uptake, of supracostal intensity) [43, 46].

Another way of assessing the uptake of radiotracer at the level of the heart 
involves performing the ratio between the values measured in a certain region at the 
level of the heart (H) and at the contralateral level (CL), one hour after the admin-
istration of the radiotracer [25, 47].

When the value of the Perugini score is higher than or equal to 2 and/or if the 
value of the H/CL ratio is higher than or equal to 1.5, the diagnosis of ATTR amyloi-
dosis is made [47].

The H/CL ratio also has a prognostic value. Thus, values higher than 1.5 are asso-
ciated with the survival reduction to 5 years (together with the echocardiographic 
characteristics of a more advanced stage of the disease) [43].



Cardiomyopathy - Disease of the Heart Muscle

396

9. Diagnostic strategy in CA

Diagnosis of CA can be difficult given the polymorphic and nonspecific clinical 
manifestations [41] of this systemic disease. CA must be considered in the dif-
ferential diagnosis in HF with left ventricular hypertrophy and preserved ejection 
fraction. By the time of the onset of signs and symptoms, it is essential not to delay 
the diagnosis because it has a negative influence on evolution and prognosis of the 
patient. Below is an algorithm for an easier approach to the diagnosis CA [41, 48, 49]. 
Two important steps in this algorithm in patients with clinical suspicion of CA are 
screening for monoclonal protein (for identification of kappa or lambda free light 
chains) and, in case this is positive, biopsy, most of the time from fat pad, which has 
a sensitivity and specificity of 79% and 80% respectively for diagnosing amyloidosis 
(Figure 7) [50].

10. General treatment of heart failure in CA

Therapy of HF along with the treatment of the underlying disease stand for 
different sides of the same coin in CA. There are several dissimilarities regarding 
medications used in CA with HF, compared to those used in patients with non-CA 
HF with reduced ejection fraction (HFrEF). The median survival after the onset of 
HF is less than 6 months in untreated patients [51].

10.1 Medical treatment of heart failure in CA

General treatment management in patients with CA and HF is challenging due 
to lack of randomized clinical trials on which to fundament treatment strategies 
[52]. Therapy should first focus on a sodium restriction diet and daily weight moni-
toring in conjunction with diuretics, in order to improve congestion and relieve 
symptoms. Neurohormonal blockade is recommended by current HF guidelines 
[53, 54] for patients with HFrEF regardless of its etiology, but various concerns have 
been raised in patients with CA-HF due to potential harmful effects [55].

Thus, diuretics and especially loop diuretics in combined with a mineralocorti-
coid receptor antagonist, represent the cornerstone of therapeutic strategies in this 
group of patients [52, 55, 56]. Clinical benefit of other usual HF therapies including 
beta-blockers (BB), calcium channel blockers (CCB) and angiotensin-converting 
enzyme inhibitors (ACEI) has not yet been proven, moreover these therapies may 
even be harmful in CA patients [55, 57, 58].

In amyloid cardiomyopathy, CCB and digitalis are contraindicated because they 
can bind to amyloid fibrils and determine severe adverse effects such as serious 
hypotension and syncope [58, 59]. Moreover, BB and ACEI can cause marked 
hypotension due to low cardiac output and fatigue, leading to a limited tolerability 
among these patients. Orthostatic hypotension caused by autonomic dysfunction 
can be exacerbated by ACEI or angiotensin receptor blockers, and the coexistence 
of renal dysfunction can limit their usage [52, 58]. Still, these medications should be 
cautiously considered in selected cases of severe nephrotic syndrome with marked 
proteinuria [58].

Beta-blockers with their negative chronotropic and inotropic effects, interfere 
with contractility and heart rate which help maintain cardiac output, resulting in 
significant hypotension, extreme bradycardia and even heart block since amyloid 
patients are already predisposed to electrical conduction anomalies [52, 55, 58]. 
However, in case of atrial tachyarrhythmias, BB (particularly in low doses) might 
present real benefits for rate control [52, 55, 58].
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Overall, authors agree that common medications for subjects with non-amyloid-
HFrEF, should be carefully considered in those with CA-HFrEF [52, 55, 58]. 
Furthermore, these therapies should be discouraged in HF with preserved ejection 
fraction (HFpEF) and CA [56].

10.2 Heart transplantation and ventricular assist devices

Previously, overall heart transplantation in CA was thought to be contrain-
dicated since amyloidosis represents a systemic disease and there is an increased 
risk of relapse [55, 58, 60]. In transplanted amyloid patients compared to standard 
heart transplant patients, there was no difference in survival rate, and those with 
end stage disease continue to have an extremely poor prognosis (50% death on the 
waiting list) [61, 62].

Many authors focused their attention in the last decade on mechanical circula-
tory support (MCS) for end-stage CA. Left ventricular assist device (LVAD), 
biventricular assist device (BiVAD) and total artificial heart (TAH) nowadays 

Figure 7. 
Diagnostic strategy in CA. (ECG, electrocardiography; CMR, cardiovascular magnetic resonance imaging; 
HE, hematoxylin eosin staining; AL, amyloid light-chain amyloidosis; AA, amyloid A protein amyloidosis, 
AApoA1, apolipoprotein AI-derived amyloidosis; MGUS, monoclonal gammopathy of undetermined 
significance; ATTR, transthyretin amyloidosis; ATTRwt, wild-type transthyretin amyloidosis; ATTRv, mutant 
transthyretin amyloidosis).
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represent either bridge to transplantation (BTT) or destination therapies [63–68]. 
Some studies reveal that TAH is a feasible bridging therapy, with 82% survival, and 
should be preferred over LVAD therapy for durable support in selected patients 
[64]. Accordingly, LVAD is not suitable for CA patients with left ventricular end-
diastolic diameter under 46 mm and was even associated with higher mortality 
post-implantation [64, 66]. Other studies found no significant difference in wait-
list and up-to 5-years survival after heart transplantation in subjects sustained by 
BiVAD or TAH as bridging therapies [65, 66]. Outcomes become acceptable with 
advances in specific therapies for the underlying disease and heart transplant or 
heart/liver transplant could even be curative in selected cases, but there is still need 
for additional studies [57, 60].

10.3 Atrial fibrillation and anticoagulation

While AF is the most frequent arrhythmia in HF patients, in amyloid patients, 
traditional therapies could lead to severe side effects and in general, are poorly tolerated 
[18, 53]. Rate and rhythm management among this population continue to be challeng-
ing. For rate management the usage of beta-blockers in low doses may be attempted, but 
their clinical benefit remains unproven in CA. Nondihydropyridine CCB and digoxin 
are not recommended and may even be toxic for these patients [18, 52, 55]. Options for 
pharmacologic rhythm control are restricted, but studies support the use of amiodarone 
as first choice antiarrhythmic therapy, since it tends to be well tolerated [18, 52].

Some experts advise following a rhythm control strategy over a rate control 
strategy in amyloid patients, but there are no studies to support this strategy until 
present days.

Last but not least, several studies concluded that chronic oral anticoagulation is 
recommended in all patients with CA and AF irrespective of CHADS-VASC score 
due to an increased risk of thromboembolic events [55, 57, 69].

10.4 Cardiac implantable electronic devices

Implantable electronic devices such as pacemaker and/or implantable cardio-
verter-defibrillator (ICD) have not been shown to prevent sudden cardiac death 
or improve survival in CA patients [18, 52, 55, 57, 70]. Moreover, since overall 
mortality after implantation outweighs its benefits, cardiac implantable electronic 
devices should be used mainly for secondary prevention (hemodynamic instabil-
ity due to ventricular arrhythmias) in patients with more than a year survival rate 
[52, 54, 55, 57]. However, permanent pacemakers, especially biventricular pacing, 
were shown to improve symptoms and should be considered in patients with CA 
and severe conduction disease [18, 57].

11. Specific treatment of AL amyloidosis cardiomyopathy

The last two decades have brought in a decrease in mortality rates and improved 
survival in patients with AL amyloidosis, mainly due to early diagnosis and better 
treatment implementation [71]. During the same period, new treatment options 
have become available for these complex patients, among which the most notable 
are new chemotherapy regimens, autologous stem cell transplantation, proteasome 
inhibitors and monoclonal antibodies [72].

Treatment should be adapted according to the patient’s comorbidities and sever-
ity of organ involvement in order to achieve the most efficient and safe therapeutic 
regimen [73].
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Apart from patients with monoclonal gammopathies of undetermined 
significance (MGUS) or smoldering myeloma, in whom initiation of specific 
therapy could be delayed until the first sign of organ involvement, all patients 
diagnosed with AL amyloidosis should be initiated on specific therapy as soon as 
 possible [74, 75].

The treatment of these subjects should be decided by a multidisciplinary 
team, coordinated by a hematologist and with the involvement of other rel-
evant medical specialties: nephrology, cardiology, pneumology, neurology and 
 gastroenterology [76].

In addition to specific HF therapy, which has several peculiarities compared to 
that of the general population, patients with AL amyloidosis and cardiac involve-
ment require treatment of the underlying disease [77].

The purpose of therapy in cardiac AL amyloidosis is to reduce the serum free 
light-chain levels and to obtain organ response. This should be done promptly 
and for as long as possible, in order to obtain a reduction of more than 90 percent 
in free light-chain levels, therefore preventing further amyloid deposition and 
 fibrillogenesis [75, 78].

The standard treatment includes high-dose chemotherapy in combination with 
autologous stem cell transplantation (ASCT), alkylating agents, steroids, protea-
some inhibitors, and immunomodulatory drugs [76]. An adequate level of response 
may not be obtainable in all patients. Because of this, treatment efficacy should 
be assessed at 3 months after ASCT (autologous stem cell transplantation) and 
1–2 months after nontransplantation therapies. A decision to shift to other regi-
mens depends on the hematologic response [76]. Patients with important cardiac 
involvement have a higher mortality despite good initial hematologic response, 
while a rapid improvement of cardiac biomarkers and left ventricular ejection 
fraction can be seen in those with mild CA when free light chain can be significantly 
reduced [73, 75].

Risk stratification is essential when choosing the treatment strategy. Only 20% 
of the patients newly diagnosed with AL amyloidosis are eligible for ASCT, these 
being considered low risk patients. Effective up-front therapy may increase this 
percentage, making certain other patients eligible [78]. Generally, in order to be 
eligible for ASCT, patients should meet the following criteria: age ≤ 70 years, cTnT 
<0.06 ng/mL, NT-proBNP <5000 ng/L, systolic blood pressure ≥ 100 mmHg, LVEF 
>45%, New York Heart Association (NYHA) functional class I or II, creatinine 
clearance ≥50 mL/min (unless on chronic stable dialysis), Eastern Cooperative 
Oncology Group (ECOG) performance status ≤2, DLCO >50%, less than 3 organs 
significantly involved (heart, liver, kidney, or autonomic nervous system) [76, 77].

Treatment with bortezomib, a proteasome inhibitor, should be considered in 
low-risk patients prior to ASCT if there are no contraindications, in order to achieve 
high rates of deep and durable hematologic response. This should be followed by 
high dose melphalan, an alkylating agent, combined with autologous stem cell 
transplantion, rather than chemotherapy alone [78]. ASCT allows the administra-
tion of high doses of melphalan, with myeloablative effect, thus contributing to the 
suppression the underlying plasma cell dyscrasia [79].

As mentioned above, the majority of AL amyloidosis patients are not eligible for 
ASCT, being staged in a class of intermediate or high risk [76]. For these patients, 
the most common initial chemotherapy regimens used nowadays are bortezomib-
based, such as combinations with cyclophosphamide and dexamethasone (CyBorD) 
or melphalan and dexamethasone (BMDex). These regimens have a significantly 
higher hematological response rate, a longer progression-free period and increased 
overall survival compared to the older regimen of dexamethasone and prednisone, 
which has been the standard of care for many years in these subjects [79, 80].
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Daratumumab is an anti-CD38 monoclonal antibody, which has a direct on-
tumor and immunomodulatory mechanism of action, with proven activity in AL 
amyloidosis, which is particularly attractive in case of severe cardiac involvement. 
High risk patients with important cardiac involvement and NYHA class III or IV 
and ECOG PS = 4, need a very rapidly acting and safe regimen and supportive 
therapy during the chemotherapy cycles in order to sustain organ function [81]. 
Recently, in the phase 3 ANDROMEDA-trial, a combination of daratumumab with 
CyBorD in patients with newly diagnosed AL amyloidosis resulted in significantly 
higher hematologic, cardiac, and renal response rates typically within one cycle, 
and was well tolerated. Therefore, it should be considered a promising novel 
therapy for AL amyloidosis [82].

In patients in whom a rapid and significant reduction in the serum free light-
chain levels is not achieved, a second-line treatment should be considered after 
hematological response assessment. In responders, maintenance therapy is not 
indicated [76, 83].

Organ response criteria are essential during treatment follow-up. Cardiac 
biomarkers, especially NT-pro BNP, have a particular importance for the cardiac 
response, although they are influenced by therapy related complications, fluid 
status and supraventricular tachyarrhythmias, very common in CA [84]. A decrease 
with more than 30% and > 300 ng/l, in NT-pro BNP levels and an improvement 
of NYHA functional class has been demonstrated to be associated with increased 
overall survival [83].

In patients resistant to alkylating agents and proteasome inhibitors, immuno-
suppressive therapy is the only remaining option. Treatment regimens that include 
immunosuppressant agents (lenalidomide, thalidomide) have demonstrated 
efficacy among patients with relapsed or resistant AL amyloidosis. These are gener-
ally avoided due to significant cardiac and renal toxicity, and are especially useful in 
patients with contraindications to bortezomib or in subjects with refractory disease. 

Figure 8. 
Treatment algorithm of AL Amyloidosis. CyBorD = cyclophosphamide and dexamethasone; 
ASCT = autologous stem cell transplantation; MDex = melphalan and dexamethasone; 
LMDex = lenalidomide, melphalan, and dexamethasone; CTDa = cyclophosphamide and  
dexamethasone; HR = heart rate.
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Treatment with these agents is associated with increased NT-pro BNP levels and 
affects the assessment of cardiac response, Also, worsening of renal failure and 
increased proteinuria can be detected [85, 86].

Low dose thalidomide in addition to cyclophosphamide and dexamethasone 
(CTDa) was demonstrated to have the highest response rates, with acceptable toxic-
ity, but it is not recommended as a routine maintenance therapy due to cumulative 
neurotoxicity [87]. Lenalidomide in combination with low dose dexamethasone, 
with or without cyclophosphamide, could be taken into consideration in patients 
with relapsed AL amyloidosis, but with an increased risk of thrombotic complica-
tions (Figure 8) [88].

12. Specific treatment of ATTR amyloid cardiomyopathy

Recent findings in the research of molecular pathogenic mechanisms revolution-
ized the treatment of ATTR amyloidosis. New agents have recently been developed 
to suppress the production of amyloid in both wild-type and hereditary CA. 
Current treatment strategies include management of underlying disease process in 
association with symptomatic relief.

12.1 Disease modifying therapies

1. TTR synthesis inhibitors target by inhibiting the hepatic synthesis of TTR.

• Patisiran (0.3 mg/kg iv., once daily, every three weeks for 18 months) is a 
second-generation small interfering RNA (siRNA), which blocks the expres-
sion of TTR, leading to reduction in TTR levels [89].

• Inotersen (200 mg sc., once a week) is a second-generation antisense oli-
gonucleotide, which lowers hepatic production of TTR by bonding to the 
mRNA [89].

Both these drugs lead to a reduction of >85% in the concentration of circulat-
ing TTR. Two recent randomized trials have demonstrated reduction in the 
progression of polyneuropathy in patients with ATTRv: the APOLLO trial 
[90]. (The Study of an Investigational Drug, Patisiran, for the Treatment of 
TTR Amyloidosis) and the NEURO-TTR [91]. trial (Efficacy and Safety of 
Inotersen in Familial Amyloid Polyneuropathy). Even though not explicitly 
tested, TTR synthesis inhibitors may have beneficial cardiac effects [91, 92]. 
In order to demonstrate cardiac benefits, two clinical trials assessing the 
efficacy of TTR synthesis inhibitors in patients with cardiomyopathy are cur-
rently ongoing: 24 Month Open Label Study in the Tolerability and Efficacy of 
Inotersen in TTR Amyloid Cardiomyopathy Patients and the APOLLO-B trial 
(A Study to Evaluate Patisiran in Participants With TTR Amyloidosis With 
Cardiomyopathy).

2. TTR stabilizers prevent the misfolding of TTR by binding to TTR tetramer.

• Tafamidis slows the dissociation of TTR tetramers into monomers by 
binding to the thyroxine-binding site of the TTR. In the ATTR-ACR 
randomized trial (Safety and Efficacy of Tafamidis in Patients with TTR 
Cardiomyopathy), which recruited both patients with ATTRv cardiomy-
opathy and ATTRwt cardiomyopathy, there was a significant lower all-cause 
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mortality and cardiovascular-related hospitalization after 30 months after 
receiving Tafamidis when compared to placebo. Moreover, there was a lower 
rate of decline in the 6-minute walk test and in the quality of life under both 
Tafamidis doses (20 and 80 mg orally) [93]. Tafamidis was approved for the 
use in TTR cardiomyopathy in May 2019.

• Diflunisal is a non-steroidal anti-inflammatory drug, which significantly 
reduced the progression of polyneuropathy by stabilizing TTR tertramers in 
a randomized trial [94]. Although no controlled trials evaluated the effect of 
Diflunisal on TTR cardiomyopathy, two single center studies demonstrated 
some benefits (250 mg orally twice daily) [95, 96]. However, side effects are 
not rare (thrombocytopenia and renal dysfunction), administration should 
be avoided in patients with eGFR<45 mL/min/1.73m2, thrombocytopenia or 
signs of hemodynamic or renal instability [97]. Diflunisal is not approved for 
TTR amyloidosis and can be used off-label.

• AG10 is a synthetic TTR ligand, which acts by binding to the TTR tetramer 
and therefore prevents amyloid fibril formation and deposition. A phase II 
randomized multicenter study demonstrated that AG10 (400 mg or 800 mg 
twice daily for 28 days) induced almost complete stabilization of TTR and 
patients treated with AG10 showed reduced mortality and cardiovascular 
hospitalization at 15 months [97].

• Tolcapone is approved for the treatment of Parkinson disease and acts by 
inhibiting TTR aggregation. It is currently under investigation in patients 
with TTR amyloidosis [55].

3. TTR disruptors target the clearance of amyloid fibrils from tissue.

• The combination of Doxycycline and TUDCA (tauroursodeoxycholic 
acid) removed amyloid deposits in preclinical studies, but there was a high 
incidence of side effects [98, 99]. The role of these therapies is therefore 
uncertain.

12.2 Symptomatic relief

The control of peripheral and autonomic neuropathy leads to significant 
improvement in the quality of life. Implantation of a cardiac pacemaker might 
be beneficial in patients with TTRv and conduction disorders [100]. Implantable 
cardioverter-defibrillators (ICD) are recommended in patients with significant 
arrhythmias or aborted sudden cardiac death with expected survival of more than 
one year. Although reduction in cardiac filling pressures is also necessary, it must be 
performed with caution, as these patients are dependent of the cardiac output. On 
the same principle, many drugs used in the treatment of HF might not be beneficial 
in patients with CA and some agents might have an abnormal distribution by bind-
ing to amyloid fibrils (eg. digoxin) [100].

12.3 Management of TTR amyloidosis in patients with aortic stenosis

Recent data demonstrated that the association between CA and aortic stenosis 
(AS) is more common than previously known and TTR cardiac amyloidosis is the 
most prevalent type to coexist with AS [101]. Since there are no randomized trials to 
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evaluate the best therapeutic management in patients with TTR cardiac amyloidosis 
and AS, the treatment of CA follows the general principles and should be instituted 
immediately after the diagnosis is confirmed. Regarding the management of AS, the 
majority of the studies reported a high risk of mortality after surgical aortic valve 
replacement (SAVR) [101–106].

One study performed on a limited number of patients demonstrated that in 
patients with CA and AS outcomes might be better with trans-aortic valve replace-
ment (TAVR) than SAVR [102]. Two ongoing prospective trials, ATTRact-AS (The 
Role of Occult Cardiac Amyloid in the Elderly With Aortic Stenosis) and Amylo-
CARTESIAN (Prevalence and Post-surgical Outcomes of CARdiac Wild-type 
TransthyrEtin amyloidoSIs in Elderly Patients With Aortic stenosis Referred for 
Valvular Replacement) might lead to better understanding of the prevalence and 
management of patients who present both pathologies. One recently published 
sub-study of the ATTRact-AS trial showed that there was no difference in mortality 
after TAVR between patients with CA and AS or AS alone [107]. Thus, TAVR might 
be a better option for patients with intermediate to high surgical risk. However, 
since some patients might be prone to complications during TAVR because of the 
fragility of the infiltrated myocardium [108]. A multidisciplinary heart team should 
discuss the optimal therapy.

13. Summary

Amyloidosis represents a heterogeneous group of disorders that present as 
a multi-organ disease presenting with unspecific symptoms. The diagnosis of 
amyloidosis often is difficult and can be delayed, and therefore the number of 
unreported cases is likely quite significant.

Amyloid can infiltrate all structures of the heart including ventricular and atrial 
walls, the conduction system, the heart valves, and the coronaries. The typical 
clinical presentation in CA is that of a restrictive cardiomyopathy. When present, 
cardiac amyloidosis has a significant impact on disease prognosis.

Cardiac biomarkers, echocardiography, and other imaging techniques such as 
CMR or 99mTc-phosphate scintigraphy are available for the diagnosis of CA as well 
as determination of the extent of this disease. Endomyocardial biopsy remains the 
main method used for histopathological confirmation and subtyping of CA.

The main goal of the diagnostic strategy is to detect CA early, to define the 
extent of CA, and to enable targeted therapy.

14. Conclusion

Until recently, amyloidosis was still considered a rare multi-organ disease. The 
diagnosis of CA was often missed or only documented at a late stage with negative 
impact on the prognosis of the patients.

Meanwhile, it has become evident that CA is more prevalent than once thought 
and can be the only manifestation of amyloidosis so that early diagnosis and subse-
quent therapy are becoming increasingly important.

Conflict of interest

The authors declare no conflict of interest.



Cardiomyopathy - Disease of the Heart Muscle

404

Author details

Csilla Andrea Eötvös1,2, Giorgia Pastiu1,2, Iulia Zehan1,2, Cerasela Goidescu1,3, 
Roxana Chiorescu2,5, Roxana Lazar1,2, Florina Frîngu2,4, Raluca Tomoaia2,4, 
Monica Pop2,6, Adrian Molnar1,2, Sorin Pop2,5 and Dan Blendea2,5*

1 “Niculae Stancioiu” Heart Institute, Cluj-Napoca, Romania

2 University of Medicine and Pharmacy “Iuliu Hatieganu”, Cluj-Napoca, Romania

3 Emergency Military Clinical Hospital “Dr. Constantin Papilian”, Cluj-Napoca, 
Romania

4 Rehabilitation Hospital, Cluj-Napoca, Romania

5 Cluj County Emergency Hospital, Cluj-Napoca, Romania

6 “Leon Daniello” Pneumophtisiology Hospital, Cluj-Napoca, Romania

*Address all correspondence to: dblendea1@gmail.com

Notes/thanks/other declarations

All authors contributed equally to this chapter.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



405

Cardiac Amyloidosis
DOI: http://dx.doi.org/10.5772/intechopen.97129

References

[1] Yilmaz A, Bauersachs J, Bengel F, 
Buchel R, Kindermann I, Klingel K, et 
al. Diagnosis and treatment of cardiac 
amyloidosis: position statement of the 
German Cardiac Society (DGK). Clin 
Res Cardiol. 2021.

[2] Canepa M, Tini G, Montecucco F. 
The impossible quest to make cardiac 
amyloidosis diagnosis easy. Eur J Clin 
Invest. 2021:e13512.

[3] Ashmun RA, Look AT. 
Metalloprotease activity of CD13/
aminopeptidase N on the surface 
of human myeloid cells. Blood. 
1990;75(2):462-9.

[4] Ablasser K, Verheyen N, 
Glantschnig T, Agnetti G, Rainer PP. 
Unfolding Cardiac Amyloidosis-From 
Pathophysiology to Cure. Curr Med 
Chem. 2019;26(16):2865-78.

[5] Gilstrap LG, Dominici F, Wang Y, 
El-Sady MS, Singh A, Di Carli MF, et al. 
Epidemiology of Cardiac Amyloidosis-
Associated Heart Failure 
Hospitalizations Among Fee-for-
Service Medicare Beneficiaries in 
the United States. Circ Heart Fail. 
2019;12(6):e005407.

[6] Quock TP, Yan T, Chang E, 
Guthrie S, Broder MS. Epidemiology 
of AL amyloidosis: a real-world study 
using US claims data. Blood Adv. 
2018;2(10):1046-53.

[7] Kyle RA, Linos A, Beard CM, 
Linke RP, Gertz MA, O'Fallon WM, 
et al. Incidence and natural history 
of primary systemic amyloidosis 
in Olmsted County, Minnesota, 
1950 through 1989. Blood. 
1992;79(7):1817-22.

[8] Bhogal S, Ladia V, Sitwala P, 
Cook E, Bajaj K, Ramu V, et al. Cardiac 
Amyloidosis: An Updated Review 
With Emphasis on Diagnosis and 

Future Directions. Curr Probl Cardiol. 
2018;43(1):10-34.

[9] Chamarthi B, Dubrey SW, Cha K, 
Skinner M, Falk RH. Features and 
prognosis of exertional syncope in light-
chain associated AL cardiac amyloidosis. 
Am J Cardiol. 1997;80(9):1242-5.

[10] Falk RH. Diagnosis and 
management of the cardiac amyloidoses. 
Circulation. 2005;112(13):2047-60.

[11] Liao R, Jain M, Teller P, Connors LH, 
Ngoy S, Skinner M, et al. Infusion of 
light chains from patients with cardiac 
amyloidosis causes diastolic dysfunction 
in isolated mouse hearts. Circulation. 
2001;104(14):1594-7.

[12] Bishop E, Brown EE, Fajardo J, 
Barouch LA, Judge DP, Halushka MK. 
Seven factors predict a delayed diagnosis 
of cardiac amyloidosis. Amyloid. 
2018;25(3):174-9.

[13] Papathanasiou M, Carpinteiro A,  
Rischpler C, Hagenacker T, 
Rassaf T, Luedike P. Diagnosing cardiac 
amyloidosis in every-day practice: A 
practical guide for the cardiologist. Int J 
Cardiol Heart Vasc. 2020;28:100519.

[14] Rahman JE, Helou EF, Gelzer-Bell R, 
Thompson RE, Kuo C, Rodriguez ER, 
et al. Noninvasive diagnosis of biopsy-
proven cardiac amyloidosis. J Am Coll 
Cardiol. 2004;43(3):410-5.

[15] Cyrille NB, Goldsmith J, Alvarez J, 
Maurer MS. Prevalence and prognostic 
significance of low QRS voltage 
among the three main types of 
cardiac amyloidosis. Am J Cardiol. 
2014;114(7):1089-93.

[16] Rubin J, Maurer MS. Cardiac 
Amyloidosis: Overlooked, 
Underappreciated, and Treatable. Annu 
Rev Med. 2020;71:203-19.



Cardiomyopathy - Disease of the Heart Muscle

406

[17] Cheung CC, Roston TM, 
Andrade JG, Bennett MT, Davis MK. 
Arrhythmias in Cardiac Amyloidosis: 
Challenges in Risk Stratification 
and Treatment. Can J Cardiol. 
2020;36(3):416-23.

[18] Giancaterino S, Urey MA, Darden D, 
Hsu JC. Management of Arrhythmias 
in Cardiac Amyloidosis. JACC Clin 
Electrophysiol. 2020;6(4):351-61.

[19] Koyama J, Ikeda S, Ikeda U. 
Echocardiographic assessment of 
the cardiac amyloidoses. Circ J. 
2015;79(4):721-34.

[20] Quintana-Quezada RA, Yusuf SW, 
Banchs J. Use of Noninvasive Imaging 
in Cardiac Amyloidosis. Curr Treat 
Options Cardiovasc Med. 2016;18(7):46.

[21] Chew C, Ziady GM, Raphael MJ, 
Oakley CM. The functional defect 
in amyloid heart disease. The “stiff 
heart” syndrome. Am J Cardiol. 
1975;36(4):438-44.

[22] Child JS, Levisman JA, Abbasi AS, 
MacAlpin RN. Echocardiographic 
manifestations of infiltrative 
cardiomyopathy. A report of 
seven cases due to amyloid. Chest. 
1976;70(6):726-31.

[23] Borer JS, Henry WL, Epstein SE. 
Echocardiographic observations in 
patients with systemic infiltrative 
disease involving the heart. Am J 
Cardiol. 1977;39(2):184-8.

[24] Habib G, Bucciarelli-Ducci C, 
Caforio ALP, Cardim N, Charron P, 
Cosyns B, et al. Multimodality Imaging 
in Restrictive Cardiomyopathies: An 
EACVI expert consensus document 
In collaboration with the “Working 
Group on myocardial and pericardial 
diseases” of the European Society of 
Cardiology Endorsed by The Indian 
Academy of Echocardiography. 
Eur Heart J Cardiovasc Imaging. 
2017;18(10):1090-121.

[25] Jurcut R, Onciul S, Adam R, Stan C, 
Coriu D, Rapezzi C, et al. Multimodality 
imaging in cardiac amyloidosis: a primer 
for cardiologists. Eur Heart J Cardiovasc 
Imaging. 2020;21(8):833-44.

[26] Chacko L, Martone R, Cappelli F,  
Fontana M. Cardiac Amyloidosis: 
Updates in Imaging. Curr Cardiol Rep. 
2019;21(9):108.

[27] Di Nunzio D, Recupero A, de 
Gregorio C, Zito C, Carerj S, Di Bella G. 
Echocardiographic Findings in Cardiac 
Amyloidosis: Inside Two-Dimensional, 
Doppler, and Strain Imaging. Curr 
Cardiol Rep. 2019;21(2):7.

[28] Martinez-Naharro A, Baksi AJ, 
Hawkins PN, Fontana M. Diagnostic 
imaging of cardiac amyloidosis. Nat Rev 
Cardiol. 2020;17(7):413-26.

[29] Falk RH, Alexander KM, Liao R, 
Dorbala S. AL (Light-Chain) Cardiac 
Amyloidosis: A Review of Diagnosis 
and Therapy. J Am Coll Cardiol. 
2016;68(12):1323-41.

[30] Koyama J, Ray-Sequin PA, 
Falk RH. Longitudinal myocardial 
function assessed by tissue velocity, 
strain, and strain rate tissue Doppler 
echocardiography in patients with 
AL (primary) cardiac amyloidosis. 
Circulation. 2003;107(19):2446-52.

[31] Stricagnoli M, Cameli M, 
Incampo E, Lunghetti S, Mondillo S. 
Speckle tracking echocardiography in 
cardiac amyloidosis. Heart Fail Rev. 
2019;24(5):701-7.

[32] Phelan D, Collier P,  
Thavendiranathan P, Popovic ZB, 
Hanna M, Plana JC, et al. Relative 
apical sparing of longitudinal strain 
using two-dimensional speckle-
tracking echocardiography is both 
sensitive and specific for the diagnosis 
of cardiac amyloidosis. Heart. 
2012;98(19):1442-8.



407

Cardiac Amyloidosis
DOI: http://dx.doi.org/10.5772/intechopen.97129

[33] Rapezzi C, Fontana M. Relative 
Left Ventricular Apical Sparing 
of Longitudinal Strain in Cardiac 
Amyloidosis: Is it Just Amyloid 
Infiltration? JACC Cardiovasc Imaging. 
2019;12(7 Pt 1):1174-6.

[34] Ono K, Ishimaru G, Hayashi M, 
Bae Y, Ito T, Izumo T, et al. The Imaging 
Diagnosis of Less Advanced Cases of 
Cardiac Amyloidosis: The Relative 
Apical Sparing Pattern. Intern Med. 
2017;56(3):315-9.

[35] Mann DL, Zipes DP, Libby P, 
Bonow RO, Braunwald E. Braunwald's 
heart disease: a textbook of 
cardiovascular medicine. 10th edition. 
ed. Philadelphia, PA: Elsevier/
Saunders; 2015.

[36] Dungu JN, Valencia O, Pinney JH, 
Gibbs SD, Rowczenio D, Gilbertson JA, 
et al. CMR-based differentiation of AL 
and ATTR cardiac amyloidosis. JACC 
Cardiovasc Imaging. 2014;7(2):133-42.

[37] Tang CX, Petersen SE, Sanghvi MM, 
Lu GM, Zhang LJ. Cardiovascular 
magnetic resonance imaging for 
amyloidosis: The state-of-the-
art. Trends Cardiovasc Med. 
2019;29(2):83-94.

[38] Martinez-Naharro A, Hawkins PN, 
Fontana M. Cardiac amyloidosis. Clin 
Med (Lond). 2018;18(Suppl 2): 
s30-s5.

[39] Banypersad SM, Sado DM, Flett AS, 
Gibbs SD, Pinney JH, Maestrini V, 
et al. Quantification of myocardial 
extracellular volume fraction in 
systemic AL amyloidosis: an equilibrium 
contrast cardiovascular magnetic 
resonance study. Circ Cardiovasc 
Imaging. 2013;6(1):34-9.

[40] Fontana M, Corovic A, Scully P, 
Moon JC. Myocardial Amyloidosis: The 
Exemplar Interstitial Disease. JACC 
Cardiovasc Imaging. 2019;12(11 Pt 
2):2345-56.

[41] Maurer MS, Bokhari S, 
Damy T, Dorbala S, Drachman BM, 
Fontana M, et al. Expert Consensus 
Recommendations for the Suspicion 
and Diagnosis of Transthyretin 
Cardiac Amyloidosis. Circ Heart Fail. 
2019;12(9):e006075.

[42] Benson MD, Dasgupta NR, 
Rao R. Diagnosis and Screening of 
Patients with Hereditary Transthyretin 
Amyloidosis (hATTR): Current 
Strategies and Guidelines. Ther Clin 
Risk Manag. 2020;16:749-58.

[43] Singh V, Falk R, Di Carli MF, 
Kijewski M, Rapezzi C, Dorbala S. 
State-of-the-art radionuclide imaging in 
cardiac transthyretin amyloidosis. J Nucl 
Cardiol. 2019;26(1):158-73.

[44] Stats MA, Stone JR. Varying 
levels of small microcalcifications 
and macrophages in ATTR and AL 
cardiac amyloidosis: implications for 
utilizing nuclear medicine studies to 
subtype amyloidosis. Cardiovasc Pathol. 
2016;25(5):413-7.

[45] Kyriakou P, Mouselimis D,  
Tsarouchas A, Rigopoulos A,  
Bakogiannis C, Noutsias M, et al. 
Diagnosis of cardiac amyloidosis: a 
systematic review on the role of imaging 
and biomarkers. BMC Cardiovasc 
Disord. 2018;18(1):221.

[46] Glaudemans AW, van Rheenen RW, 
van den Berg MP, Noordzij W, Koole M, 
Blokzijl H, et al. Bone scintigraphy with 
(99m)technetium-hydroxymethylene 
diphosphonate allows early diagnosis 
of cardiac involvement in patients 
with transthyretin-derived systemic 
amyloidosis. Amyloid. 2014;21(1): 
35-44.

[47] Small GR, Ruddy TD. Straightening 
out the wrinkles in technetium-99m-
labeled bone scintigraphy tracer 
assessment of cardiac amyloidosis. J 
Nucl Cardiol. 2019.



Cardiomyopathy - Disease of the Heart Muscle

408

[48] Ruberg FL, Berk JL. Transthyretin 
(TTR) cardiac amyloidosis. Circulation. 
2012;126(10):1286-300.

[49] Nativi-Nicolau J, Maurer MS. 
Amyloidosis cardiomyopathy: update 
in the diagnosis and treatment of the 
most common types. Curr Opin Cardiol. 
2018;33(5):571-9.

[50] Fernandez de Larrea C, Verga L,  
Morbini P, Klersy C, Lavatelli F, 
Foli A, et al. A practical approach to 
the diagnosis of systemic amyloidoses. 
Blood. 2015;125(14):2239-44.

[51] Perlini S, Mussinelli R, Salinaro F. 
New and Evolving Concepts Regarding 
the Prognosis and Treatment of Cardiac 
Amyloidosis. Curr Heart Fail Rep. 
2016;13(6):267-72.

[52] Siddiqi OK, Ruberg FL.  
Cardiac amyloidosis: An update on 
pathophysiology, diagnosis, and 
treatment. Trends Cardiovasc Med. 
2018;28(1):10-21.

[53] Yancy CW, Jessup M, Bozkurt B, 
Butler J, Casey DE, Jr., Drazner MH, 
et al. 2013 ACCF/AHA guideline for 
the management of heart failure: a 
report of the American College of 
Cardiology Foundation/American 
Heart Association Task Force on 
Practice Guidelines. J Am Coll Cardiol. 
2013;62(16):e147-239.

[54] Ponikowski P, Voors AA, Anker SD, 
Bueno H, Cleland JG, Coats AJ, et al. 
2016 ESC Guidelines for the diagnosis 
and treatment of acute and chronic 
heart failure: The Task Force for the 
diagnosis and treatment of acute 
and chronic heart failure of the 
European Society of Cardiology (ESC). 
Developed with the special contribution 
of the Heart Failure Association 
(HFA) of the ESC. Eur J Heart Fail. 
2016;18(8):891-975.

[55] Macedo AVS, Schwartzmann PV,  
de Gusmao BM, Melo MDT, 

Coelho-Filho OR. Advances in the 
Treatment of Cardiac Amyloidosis. Curr 
Treat Options Oncol. 2020;21(5):36.

[56] Bonderman D, Polzl G, Ablasser K, 
Agis H, Aschauer S, Auer-Grumbach M, 
et al. Diagnosis and treatment of cardiac 
amyloidosis: an interdisciplinary 
consensus statement. Wien Klin 
Wochenschr. 2020;132(23-24):742-61.

[57] Fine NM, Davis MK, Anderson K, 
Delgado DH, Giraldeau G, Kitchlu A, 
et al. Canadian Cardiovascular Society/
Canadian Heart Failure Society Joint 
Position Statement on the Evaluation 
and Management of Patients With 
Cardiac Amyloidosis. Can J Cardiol. 
2020;36(3):322-34.

[58] Itzhaki Ben Zadok O, Kornowski R. 
Cardiac Care of Patients with Cardiac 
Amyloidosis. Acta Haematol. 
2020;143(4):343-51.

[59] Kristen AV. Amyloid cardiomyopathy. 
Herz. 2020;45(3):267-71.

[60] Sousa M, Monohan G, 
 Rajagopalan N, Grigorian A, 
Guglin M. Heart transplantation in 
cardiac amyloidosis. Heart Fail Rev. 
2017;22(3):317-27.

[61] Maurer MS, Raina A, 
Hesdorffer C, Bijou R, Colombo P, 
Deng M, et al. Cardiac transplantation 
using extended-donor criteria organs 
for systemic amyloidosis complicated 
by heart failure. Transplantation. 
2007;83(5):539-45.

[62] Estep JD, Bhimaraj A, Cordero- 
Reyes AM, Bruckner B, Loebe M, 
Torre-Amione G. Heart transplantation 
and end-stage cardiac amyloidosis: 
a review and approach to evaluation 
and management. Methodist Debakey 
Cardiovasc J. 2012;8(3):8-16.

[63] Caldeira CCB, Machado RC, 
Caldeira DCB. Implantation of Short-
Term and Long-Term Right Ventricular 



409

Cardiac Amyloidosis
DOI: http://dx.doi.org/10.5772/intechopen.97129

Assist Devices. Braz J Cardiovasc Surg. 
2017;32(5):435-7.

[64] Kittleson MM, Cole RM, Patel J, 
Ramzy D, Passano E, Chang DH, et al. 
Mechanical circulatory support for 
cardiac amyloidosis. Clin Transplant. 
2019;33(10):e13663.

[65] Cheng A, Trivedi JR, Van 
Berkel VH, Massey HT, Slaughter MS. 
Comparison of total artificial heart and 
biventricular assist device support as 
bridge-to-transplantation. J Card Surg. 
2016;31(10):648-53.

[66] Nguyen A, Pozzi M, 
Mastroianni C, Leger P, Loisance D, 
Pavie A, et al. Bridge to transplantation 
using paracorporeal biventricular assist 
devices or the syncardia temporary 
total artificial heart: is there a 
difference? J Cardiovasc Surg (Torino). 
2015;56(3):493-502.

[67] Grupper A, Park SJ, Pereira NL, 
Schettle SD, Gerber Y, Topilsky Y, et 
al. Role of ventricular assist therapy 
for patients with heart failure and 
restrictive physiology: Improving 
outcomes for a lethal disease. J Heart 
Lung Transplant. 2015;34(8):1042-9.

[68] Chen Q , Moriguchi J, Levine R, 
Chan J, Dimbil S, Patel J, et al. Outcomes 
of Heart Transplantation in Cardiac 
Amyloidosis Patients: A Single 
Center Experience. Transplant Proc. 
2021;53(1):329-34.

[69] Longhi S, Quarta CC, Milandri A, 
Lorenzini M, Gagliardi C, Manuzzi L, 
et al. Atrial fibrillation in amyloidotic 
cardiomyopathy: prevalence, incidence, 
risk factors and prognostic role. 
Amyloid. 2015;22(3):147-55.

[70] Kim EJ, Holmes BB, Huang S, 
Lugo R, Al Aboud A, Goodman S, et 
al. Outcomes in patients with cardiac 
amyloidosis and implantable 
cardioverter-defibrillator. Europace. 
2020;22(8):1216-23.

[71] Muchtar E, Gertz MA, Kumar SK, 
Lacy MQ , Dingli D, Buadi FK, et al. 
Improved outcomes for newly diagnosed 
AL amyloidosis between 2000 and 2014: 
cracking the glass ceiling of early death. 
Blood. 2017;129(15):2111-9.

[72] Ozga M, Zhao Q , Benson D, 
Elder P, Williams N, Bumma N, et al. AL 
Amyloidosis: The Effect of Maintenance 
Therapy on Autologous Stem Cell 
Transplantation Outcomes. J Clin Med. 
2020;9(11).

[73] Muchtar E, Gertz MA, Lacy MQ , 
Leung N, Buadi FK, Dingli D, et al. 
Refining amyloid complete hematological 
response: Quantitative serum free light 
chains superior to ratio. Am J Hematol. 
2020;95(11):1280-7.

[74] Kourelis TV, Kyle RA, Dingli D, 
Buadi FK, Kumar SK, Gertz MA, et al. 
Presentation and Outcomes of 
Localized Immunoglobulin Light 
Chain Amyloidosis: The Mayo 
Clinic Experience. Mayo Clin Proc. 
2017;92(6):908-17.

[75] Kumar SK, Callander NS, 
Hillengass J, Liedtke M, Baljevic M, 
Campagnaro E, et al. NCCN Guidelines 
Insights: Multiple Myeloma, Version 
1.2020. J Natl Compr Canc Netw. 
2019;17(10):1154-65.

[76] Palladini G, Milani P, Merlini G. 
Management of AL amyloidosis in 2020. 
Hematology Am Soc Hematol Educ 
Program. 2020;2020(1):363-71.

[77] Maurer MS, Elliott P, Comenzo R, 
Semigran M, Rapezzi C. Addressing 
Common Questions Encountered in 
the Diagnosis and Management of 
Cardiac Amyloidosis. Circulation. 
2017;135(14):1357-77.

[78] Sidiqi MH, Aljama MA, Buadi FK, 
Warsame RM, Lacy MQ , Dispenzieri A, 
et al. Stem Cell Transplantation for 
Light Chain Amyloidosis: Decreased 



Cardiomyopathy - Disease of the Heart Muscle

410

Early Mortality Over Time. J Clin Oncol. 
2018;36(13):1323-9.

[79] Comenzo RL, Vosburgh E, Falk RH, 
Sanchorawala V, Reisinger J, Dubrey S, 
et al. Dose-intensive melphalan with 
blood stem-cell support for the 
treatment of AL (amyloid light-chain) 
amyloidosis: survival and responses in 
25 patients. Blood. 1998;91(10):3662-70.

[80] Kastritis E, Leleu X, Arnulf B,  
Zamagni E, Cibeira MT, Kwok F,  
et al. Bortezomib, Melphalan, 
and Dexamethasone for Light-
Chain Amyloidosis. J Clin Oncol. 
2020;38(28):3252-60.

[81] Dimopoulos MA, Oriol A, Nahi H, 
San-Miguel J, Bahlis NJ, Usmani SZ, et 
al. Daratumumab, Lenalidomide, and 
Dexamethasone for Multiple Myeloma. 
N Engl J Med. 2016;375(14):1319-31.

[82] Palladini G, Kastritis E, Maurer MS,  
Zonder J, Minnema MC, 
Wechalekar AD, et al. Daratumumab 
plus CyBorD for patients with newly 
diagnosed AL amyloidosis: safety 
run-in results of ANDROMEDA. Blood. 
2020;136(1):71-80.

[83] Palladini G, Dispenzieri A,  
Gertz MA, Kumar S, Wechalekar A,  
Hawkins PN, et al. New criteria 
for response to treatment in 
immunoglobulin light chain amyloidosis 
based on free light chain measurement 
and cardiac biomarkers: impact on 
survival outcomes. J Clin Oncol. 
2012;30(36):4541-9.

[84] Sandri MT, Salvatici M, 
Cardinale D, Zorzino L, Passerini R, 
Lentati P, et al. N-terminal pro-B-type 
natriuretic peptide after high-dose 
chemotherapy: a marker predictive 
of cardiac dysfunction? Clin Chem. 
2005;51(8):1405-10.

[85] Kumar SK, Hayman SR, Buadi FK, 
Roy V, Lacy MQ , Gertz MA, et al. 
Lenalidomide, cyclophosphamide, 

and dexamethasone (CRd) for 
light-chain amyloidosis: long-term 
results from a phase 2 trial. Blood. 
2012;119(21):4860-7.

[86] Dispenzieri A, Lacy MQ , 
Zeldenrust SR, Hayman SR, 
Kumar SK, Geyer SM, et al. The activity 
of lenalidomide with or without 
dexamethasone in patients with 
primary systemic amyloidosis. Blood. 
2007;109(2):465-70.

[87] Wechalekar AD, Goodman HJ,  
Lachmann HJ, Offer M, Hawkins PN,  
Gillmore JD. Safety and efficacy of 
risk-adapted cyclophosphamide, 
thalidomide, and dexamethasone 
in systemic AL amyloidosis. Blood. 
2007;109(2):457-64.

[88] Sanchorawala V, Wright DG,  
Rosenzweig M, Finn KT, Fennessey S,  
Zeldis JB, et al. Lenalidomide and 
dexamethasone in the treatment of AL 
amyloidosis: results of a phase 2 trial. 
Blood. 2007;109(2):492-6.

[89] Kittleson MM, Maurer MS, 
Ambardekar AV, Bullock-Palmer RP, 
Chang PP, Eisen HJ, et al. Cardiac 
Amyloidosis: Evolving Diagnosis and 
Management: A Scientific Statement 
From the American Heart Association. 
Circulation. 2020;142(1):e7-e22.

[90] Adams D, Gonzalez- 
Duarte A, O'Riordan WD, Yang CC, 
Ueda M, Kristen AV, et al. Patisiran, 
an RNAi Therapeutic, for Hereditary 
Transthyretin Amyloidosis. N Engl J 
Med. 2018;379(1):11-21.

[91] Benson MD, Waddington-Cruz M, 
Berk JL, Polydefkis M, Dyck PJ, 
Wang AK, et al. Inotersen Treatment for 
Patients with Hereditary Transthyretin 
Amyloidosis. N Engl J Med. 
2018;379(1):22-31.

[92] Solomon SD, Adams D,  
Kristen A, Grogan M, Gonzalez- 
Duarte A, Maurer MS, et al. Effects 



411

Cardiac Amyloidosis
DOI: http://dx.doi.org/10.5772/intechopen.97129

of Patisiran, an RNA Interference 
Therapeutic, on Cardiac Parameters in 
Patients With Hereditary Transthyretin-
Mediated Amyloidosis. Circulation. 
2019;139(4):431-43.

[93] Maurer MS, Schwartz JH, 
Gundapaneni B, Elliott PM, Merlini G, 
Waddington-Cruz M, et al. Tafamidis 
Treatment for Patients with 
Transthyretin Amyloid Cardiomyopathy. 
N Engl J Med. 2018;379(11):1007-16.

[94] Berk JL, Suhr OB, Obici L,  
Sekijima Y, Zeldenrust SR, 
Yamashita T, et al. Repurposing diflunisal 
for familial amyloid polyneuropathy: 
a randomized clinical trial. JAMA. 
2013;310(24):2658-67.

[95] Rosenblum H, Castano A, Alvarez J, 
Goldsmith J, Helmke S, Maurer MS. 
TTR (Transthyretin) Stabilizers 
Are Associated With Improved 
Survival in Patients With TTR 
Cardiac Amyloidosis. Circ Heart Fail. 
2018;11(4):e004769.

[96] Ikram A, Donnelly JP, Sperry BW, 
Samaras C, Valent J, Hanna M. Diflunisal 
tolerability in transthyretin cardiac 
amyloidosis: a single center's experience. 
Amyloid. 2018;25(3):197-202.

[97] Judge DP, Heitner SB, Falk RH, 
Maurer MS, Shah SJ, Witteles RM, et al. 
Transthyretin Stabilization by AG10 in 
Symptomatic Transthyretin Amyloid 
Cardiomyopathy. J Am Coll Cardiol. 
2019;74(3):285-95.

[98] Obici L, Cortese A, Lozza A, 
Lucchetti J, Gobbi M, Palladini G, et al. 
Doxycycline plus tauroursodeoxycholic 
acid for transthyretin amyloidosis: 
a phase II study. Amyloid. 2012;19 
Suppl 1:34-6.

[99] Wixner J, Pilebro B, Lundgren HE, 
Olsson M, Anan I. Effect of doxycycline 
and ursodeoxycholic acid on 
transthyretin amyloidosis. Amyloid. 
2017;24(sup1):78-9.

[100] Hawkins PN, Ando Y, 
Dispenzeri A, Gonzalez-Duarte A, 
Adams D, Suhr OB. Evolving 
landscape in the management of 
transthyretin amyloidosis. Ann Med. 
2015;47(8):625-38.

[101] Ternacle J, Krapf L, Mohty D, 
Magne J, Nguyen A, Galat A, et al. Aortic 
Stenosis and Cardiac Amyloidosis: JACC 
Review Topic of the Week. J Am Coll 
Cardiol. 2019;74(21):2638-51.

[102] Galat A, Guellich A, Bodez D, 
Slama M, Dijos M, Zeitoun DM, et al. 
Aortic stenosis and transthyretin cardiac 
amyloidosis: the chicken or the egg? Eur 
Heart J. 2016;37(47):3525-31.

[103] Treibel TA, Fontana M, 
Gilbertson JA, Castelletti S, White SK, 
Scully PR, et al. Occult Transthyretin 
Cardiac Amyloid in Severe Calcific 
Aortic Stenosis: Prevalence and 
Prognosis in Patients Undergoing 
Surgical Aortic Valve Replacement. Circ 
Cardiovasc Imaging. 2016;9(8).

[104] Cavalcante JL, Rijal S,  
Abdelkarim I, Althouse AD, 
Sharbaugh MS, Fridman Y, et al. Cardiac 
amyloidosis is prevalent in older patients 
with aortic stenosis and carries worse 
prognosis. J Cardiovasc Magn Reson. 
2017;19(1):98.

[105] Sperry BW, Jones BM, Vranian MN, 
Hanna M, Jaber WA. Recognizing 
Transthyretin Cardiac Amyloidosis in 
Patients With Aortic Stenosis: Impact on 
Prognosis. JACC Cardiovasc Imaging. 
2016;9(7):904-6.

[106] Java AP, Greason KL, 
Dispenzieri A, Grogan M, King KS, 
Maleszewski JJ, et al. Aortic valve 
replacement in patients with 
amyloidosis. J Thorac Cardiovasc Surg. 
2018;156(1):98-103.

[107] Scully PR, Patel KP, Treibel TA,  
Thornton GD, Hughes RK, 
Chadalavada S, et al. Prevalence and 



Cardiomyopathy - Disease of the Heart Muscle

412

outcome of dual aortic stenosis and 
cardiac amyloid pathology in patients 
referred for transcatheter aortic 
valve implantation. Eur Heart J. 
2020;41(29):2759-67.

[108] Monticelli FC, Kunz SN, Keller T, 
Bleiziffer S. Cardiac amyloidosis as a 
potential risk factor for transapical 
transcatheter aortic valve implantation. 
J Card Surg. 2014;29(5):623-4.



413

Chapter 19

Reversible Cardiomyopathies
Niel Shah, Miguel Rodriguez-Guerra, Muhammad Saad, 
Anthony Kang and Timothy J. Vittorio

Abstract

Cardiomyopathy includes a diverse and heterogeneous group of disorders 
affecting the myocardium and eventually leading to cardiac dysfunction. 
Cardiomyopathy is the leading cause of hospitalization in patients older than 
65 years of age and it is an important cause for enormous healthcare expenditure. 
All reversible cardiomyopathies can be associated with cardiomegaly, systolic heart 
failure, structural changes, and an increase in mortality, but when the offensive 
agent is identified and stopped, these conditions tend to stop their progression and 
reverse. The prognosis of reversible nonischemic cardiomyopathies is better than 
ischemic or other nonreversible cardiomyopathies. Additionally, it is important to 
diagnose etiology of HF early and precisely to determine prognosis and effective 
treatment. Most patients with reversible cardiomyopathy present with clinical 
picture similar to that of systolic heart failure. Here in this book chapter, we discuss 
about different types of reversible cardiomyopathy including pathogenesis, clinical 
picture, diagnosis and treatment.

Keywords: arrhythmogenic, cirrhotic, uremic, nutritional, metabolic, inflammatory

1. Introduction

The heart is composed of a special tissue and a unique electrical system. Though 
there are some hypotheses about the possibility of regeneration, the cardiac tissue is 
composed of non-regenerative muscle cells called myocytes which have the capac-
ity to revert acute damages before necrosis and subsequent fibrosis are present. 
It is thought that this reversion could be related to multiple factors. A decrease in 
inflammatory markers, perfusion recovery, and possible RNA reactions reduce 
the fiber tension and inflammation that cause the shortening of the dilated fibers, 
and then the transient condition will improve. All reversible cardiomyopathies can 
be associated with cardiomegaly, systolic heart failure, structural changes, and an 
increase in mortality, but when the offensive agent is identified and stopped, these 
conditions tend to stop their progression and reverse. In a period of 6 weeks, we are 
usually able to evaluate positive results after the stunning myocardial cells recover. 
Most patients with reversible cardiomyopathy present with clinical picture similar 
to that of systolic heart failure (HF) as follows:

• Dyspnea

• Chest discomfort/pain

• Lower extremity edema or peripheral edema
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• Weight gain

• Orthopnea or paroxysmal nocturnal dyspnea (PND)

• Decrease in exercise tolerance etc.

In this chapter, we have focused on important types of reversible cardiomy-
opathy (Figure 1).

2. Epidemiology

Cardiomyopathy includes a diverse and heterogeneous group of disorders affect-
ing the myocardium and eventually leading to cardiac dysfunction [1]. The HF is a 
widely prevalent syndrome today and affects 5.1 million adult Americans over the 
age of 20 [1]. Cardiomyopathy is the leading cause of hospitalization in patients 
older than 65 years of age and it is an important cause for enormous healthcare 
expenditure. Interestingly, ischemic cardiomyopathy is responsible for about half of 
these patients. On the other hand, the prevalence of reversible nonischemic car-
diomyopathy is also significant, as per several large clinical trials, and ranges from 
20–50% [1]. The prognosis of reversible nonischemic cardiomyopathies is better 
than ischemic or other nonreversible cardiomyopathies which were suggested by 
the epidemiological evidence [1]. Additionally, it is important to diagnose etiology 
of HF early and precisely to determine prognosis and effective treatment.

Figure 1. 
Different types of reversible cardiomyopathy.
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3. Tachycardia-induced cardiomyopathy

Arrhythmia-induced cardiomyopathy (also known as tachycardia-induced 
cardiomyopathy, tachycardia-mediated cardiomyopathy, or tachymyopathy) is one 
of the reversible causes of dilated cardiomyopathy. Arrhythmia-induced cardiomy-
opathy is defined by the presence of a sustained tachycardia (or frequent episodes of 
tachycardia or very frequent ectopy) which results in left ventricular (LV) systolic 
dysfunction. It is a relatively rare, but well-recognized entity caused by long-stand-
ing tachycardia, which can be treated readily in most instances and have a good 
prognosis. A common clinical problem is differentiating whether tachycardia is the 
primary cause of the patient’s cardiomyopathy, or if the tachycardia is secondary to 
another cardiomyopathy of a different etiology. Arrhythmia-induced cardiomyopa-
thy has been reported with nearly all types of tachyarrhythmia and frequent ectopy, 
both supraventricular and ventricular [2]. Different types of tachyarrhythmias 
associated with arrhythmia-induced cardiomyopathy include atrial fibrillation 
(AF), atrial flutter, atrial tachycardia, reentrant supraventricular tachycardias, and 
ventricular tachycardia. Regardless of the type of arrhythmia, therapy to restore 
normal sinus rhythm or to slow the ventricular rate (or eliminate ectopy) usually 
result in an improvement in left ventricular function.

The incidence of arrhythmia-induced cardiomyopathy is unclear, but an associa-
tion between tachycardia and cardiomyopathy is well known. An insight into the 
prevalence of arrhythmia-induced cardiomyopathy can be derived from cohort 
studies. In one study of 1269 patients undergoing ablation for atrial flutter, 184 had 
reduced ejection fractions (<40 percent) at baseline [3]. In another study with a 
cohort of 625 patients undergoing catheter ablation for a variety of tachyarrhyth-
mias, tachycardia-induced cardiomyopathy was present in 2.7 percent (17 of 625 
patients) [4]. Similarly, in one cohort of 331 patients who had catheter ablation of 
incessant atrial tachycardia (AT), myocardial dysfunction was present in 9 percent 
of patients [5]. Additionally, the patients in the cohort with arrhythmia-induced 
cardiomyopathy were younger, predominantly male, and had continuous or very 
frequent paroxysmal tachycardia.

In general, chronic tachycardia eventually causes significant structural changes 
in the heart, including left ventricular dilatation and cellular morphologic changes. 
However, the exact mechanism by which tachycardia produces such changes is 
not well explained. Additionally, the morphologic and biochemical changes that 
result from arrhythmia-induced cardiomyopathy may produce electrophysiological 
abnormalities. Chronic tachycardia was associated with ventricular arrhythmias 
(including polymorphic ventricular tachycardia and sudden death) in a canine 
model which result from a prolongation in repolarization [6]. Many alterations in 
neurohumoral and cellular activation have been described in arrhythmia-induced 
cardiomyopathy patients, and several factors may contribute to the development of 
rate-related myocardial dysfunction. However, data supporting certain potential 
mechanisms are lacking, and it remains unclear whether such changes play an 
etiologic role or if they arise because of tachycardia.

The clinical presentation of arrhythmia-induced cardiomyopathy can vary and 
usually involves signs and/or symptoms related to HF (dyspnea, fatigue, orthopnea, 
PND, chest pain or discomfort, lower extremities edema), cardiac tachyarrhythmias 
(palpitations, lightheadedness, dizziness, anxiety, etc) or both. The approach to the 
patient with suspected arrhythmia-induced cardiomyopathy includes a thorough 
history and physical examination with appropriately selected tests to establish 
the diagnosis and assess acuity, severity, and etiology. All patients should have an 
electrocardiogram (ECG) to determine the cardiac rhythm and ventricular heart 
rate (Figure 2). There are no specific ECG findings that distinguish patients with 
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and without arrhythmia-induced cardiomyopathy, and the ECG findings will vary 
depending upon the underlying tachyarrhythmia. It is important to determine 
which is the primary pathology, the arrhythmia, or the cardiomyopathy. Usually, 
the diagnosis of arrhythmia-induced cardiomyopathy can only be made after a 
successful trial of therapy to slow down the ventricular rate or to restore sinus 
rhythm after excluding the other potential causes of cardiomyopathy. Patients with 
suspected arrhythmia-induced cardiomyopathy should have continuous cardiac 
monitoring for 24 to 48 hours and have non-invasive imaging to assess cardiac 
structure and function. A transthoracic echocardiogram (TTE) is the preferred 
modality for assessing cardiac structure and function for most patients due to 
its widespread availability and ease of performance. However, cardiac magnetic 
resonance (CMR) imaging is also a reasonable alternative approach in centers with 
expertise in this modality.

The initial treatments for a patient with HF and suspected arrhythmia-induced 
cardiomyopathy are similar to those of HF with reduced ejection fraction (HFrEF) 
and tachyarrhythmias. Treatment of HFrEF generally includes the use of angioten-
sin-converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), 
angiotensin receptor-neprilysin inhibitor (ARNI), beta-blockers, or diuretics. On 
the other hand, treatment of tachyarrhythmia includes rate-control medications, 
consideration of antiarrhythmic drugs, and/or cardioversion. Aggressive efforts 
should be made to achieve good ventricular heart rate control or to restore sinus 
rhythm due to the potentially reversible nature of arrhythmia-induced cardiomy-
opathy [2]. Additionally, an adequate trial of medical therapy is required before 
evaluating the patient for the need for cardiac resynchronization therapy (CRT) or 
an implantable cardioverter-defibrillator (ICD).

Following the restoration of sinus rhythm or appropriate ventricular rate 
control, most patients show significant improvement and/or normalization of left 
ventricular ejection fraction (LVEF) over a period of months. Generally, patients 
who have not experienced sudden cardiac arrest or sustained ventricular arrhyth-
mia and whose LVEF has improved to 40% or greater, do not require implantation 
of an ICD. If arrhythmia-induced cardiomyopathy recurs, then these patients are 
at substantial risk for sudden death and ICD implantation should be considered. 

Figure 2. 
ECG showing Atrial flutter that can lead to tachycardia-induced cardiomyopathy.
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In some patients, the LV chamber may remain somewhat enlarged even after LVEF 
has normalized. Patients will also have ultrastructural abnormalities of the myo-
cardium, despite improvement in cardiac function when a tachycardia has been 
terminated or rate controlled [7].

4. Alcoholic cardiomyopathy

Long-term excess alcohol consumption is a leading cause of secondary dilated 
cardiomyopathy and is associated with up to 40% of dilated cardiomyopathy. 
Alcohol use can cause atrial enlargement, global chamber dilation, cardiomegaly, 
and heart failure. Once the structural changes are present, patients with alcoholic 
cardiomyopathy are at high risk for arrhythmias, especially atrial fibrillation (AF). 
The prevalence of alcoholic cardiomyopathy is similar in men and women; however, 
there is a higher disease burden in men. It is more common in the age group of 
45–59 years old. Most patients who develop alcoholic cardiomyopathy have been 
drinking more than 80 to 90 g of ethanol per day for more than five years. This 
corresponds to approximately eight bottles of beer, one liter of wine, or one-half 
pint of hard liquor every day. The pathogenesis of alcoholic cardiomyopathy is not 
well understood, but experimental data have suggested that alcohol consumption 
may directly or indirectly cause oxidative stress, apoptosis, impaired mitochondrial 
bioenergetics, altered fatty acid metabolism, and increased myocardial protein 
catabolism via its metabolites. The pathophysiology of alcoholic cardiomyopathy 
can also be explained by myocardial toxicity due to adenosine accumulation caused 
by the impairment of ATP production secondary to thiamine deficiency (Thiamine 
serves as a co-factor for ATP production).

Common clinical features include classic symptoms of HF (dyspnea, fatigue, 
orthopnea, PND, chest pain or discomfort, lower extremities edema) and cardiac 
arrhythmias (palpitations, lightheadedness, dizziness, anxiety, etc). Patients may 
have a normal physical exam but can also have findings of heart failure such as the 
decreased intensity of the heart sounds, new S3 or S4 gallop, new murmurs due to 
valvular insufficiency, increased jugular venous pressure, hepatojugular reflux, 
and peripheral edema. An EKG usually does not show any specific findings, but 
may show atrial fibrillation, atrial enlargement, or left ventricular hypertrophy as 
the most common findings. The mainstay of treatment is abstinence from alcohol 
which can help in reversing the disease and management of HF. Thus, prognosis 
in such patients is usually good if they continue to avoid alcohol. If the patient 
does not stop drinking alcohol, the alcoholic cardiomyopathy may cause severe HF 
and could advance to severe valvular insufficiency, fatal arrhythmias, and sudden 
cardiac death.

5. Cardiomyopathy due to acute myocarditis

Myocarditis is a global cardiomyopathy that leads to acute chamber dilation. 
It is a major cause of death in young adults, reaching up to 20% of deaths. The 
incidence of myocarditis, according to the International Classification of Diseases’ 
diagnosis codes, was 22 patients per 100,000 patients in the 2013 world popula-
tion. Myocarditis is an inflammatory disease of the heart that may occur because 
of infections, immune system activation, or exposure to drugs. The common 
causes include coxsackievirus (most common), Lyme disease, Chagas disease [8], 
rheumatic fever, toxic (monoxide, diphtheria, doxorubicin, daunorubicin, cocaine) 
[9, 10], autoimmune or systemic diseases (SLE, sclerosis, sarcoidosis) [11]. Most 
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patients diagnosed with acute myocarditis recover without clinically relevant 
residual damage. Patients usually present with viral illness (Fever, malaise, fatigue, 
etc.) [12]. Patients can also present with symptoms of acute heart failure and 
conduction abnormalities (Premature atrial complex, supraventricular tachycardia, 
ventricular ectopies, bradyarrhythmia) including fatal arrhythmia (Ventricular 
tachycardia, fibrillation) leading to sudden cardiac death [13].

Common physical examination findings may include chest pain, new gal-
lop, friction rub, or new valvular insufficiency on auscultation; hepatomegaly, 
cardiogenic shock, tachypnea with or without respiratory distress [14]. The ECG 
in some patients with myocarditis is similar to the ECG pattern of acute isolated 
pericarditis (which is suggestive of myopericarditis) or acute MI, myocarditis 
may be associated with regional ST elevations and Q waves like acute MI [15]. 
Laboratory tests can reveal elevated levels of troponin, pro-BNP, and CK-MB [16]. 
Echocardiography can be useful by showing wall motion abnormalities and acute 
valvular insufficiency [17].

Coronary angiography should be considered in patients when acute coronary 
syndrome (ACS) cannot be distinguished from the myocarditis clinically [18]. CMR 
is indicated in patients with suspected myocarditis with elevated troponin level 
and/or ventricular dysfunction, without a clear cause such as ischemic heart disease 
[19]. The definitive diagnosis of myocarditis can be made by endomyocardial biopsy 
(EMB). The need for an EMB should be based upon the likelihood that the results 
will change management. Histologic examination of EMB in myocarditis reveals 
cellular infiltrates, which are usually histiocytic and mononuclear with or without 
associated myocyte damage; specific histological forms of myocarditis include 
eosinophilic, granulomatous, and giant cell myocarditis. Possible late complications 
include severe valvulopathies, biventricular failure, and conduction abnormalities 
[20]. The mainstay treatment is to treat the underlying cause. Most patients with 
acute myocarditis have partial or full clinical recovery. In some cases, the process 
may continue subclinically which eventually causes DCM [21]. The likelihood of 
these late complications is increased in patients who present with greatly dimin-
ished left ventricular function.

6. Sepsis-induced cardiomyopathy

Sepsis-induced cardiomyopathy is a reversible condition causing left ventric-
ular dilation that could lead to low filling pressures and low ejection fraction. 
It usually starts to normalize within 10 days of treatment of underlying sepsis 
[22]. Sepsis-induced myocardial dysfunction is one of the major predictors of 
morbidity and mortality in sepsis [23]. It is usually present in more than 40% 
of cases of sepsis and its presence can increase the mortality rate up to 70% 
[24, 25]. The exact physiopathology is not completely understood but the role 
of cytokines and endotoxins is thought to have an important role in the myo-
cardial depression found in this condition. Other factors that are also related 
are metabolic disturbances, hypoxia, coagulopathies, and oxygen deprivation 
leading to myocardial injury [26]. Another theory is the high consumption of 
oxygen by the mitochondria creating an energy imbalance. Pro-inflammatory 
factors from infectious agents cause a release of cytokines and endotoxins that 
accelerate the oxygen consumption in a low oxygen environment eventually 
leading to the production of e metabolites such as free radicals and nitrogen 
species [27]. These metabolites then create a toxic environment and a transient 
myocardial injury [28, 29]. Sepsis can also cause Takotsubo cardiomyopathy 
which is described separately.
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The clinical features include fever, elevated WBCs, weakness, and malaise along 
with clinical features of HF. Physical exam findings may include rash, conjunctivi-
tis, wounds, or evident infection. Patients may also present with hypotension, chest 
pain, or altered mental status. EKG usually does not show any specific findings, but 
may show findings suggestive of ACS due to underlying myocardial inflammation 
[30]. Laboratory tests may show elevated inflammatory markers, such as elevated 
C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), ferritin due to 
systemic inflammation [31]. Additionally, cardiac markers may be also elevated due 
to underlying myocardial injury [32, 33]. Furthermore, cultures should be obtained 
to identify the causative agent before starting a patient on antibiotics. The treat-
ment mainly includes treatment of underlying sepsis and stabilization of the patient 
when they are hemodynamically unstable to avoid myocardial injury secondary to 
profound hypotension or arrhythmia. The prognosis of the patient usually varies 
depending on the severity of sepsis, but generally, the prognosis is reserved.

7. Stress cardiomyopathy or Takotsubo cardiomyopathy

Stress cardiomyopathy is also known as Takotsubo cardiomyopathy or broken 
heart syndrome, and the clinical presentation mimics acute myocardial infarction 
[34]. This condition is most common in post-menopausal women. The possible rea-
son for involvement in such a patient group could be explained by hypotheses dem-
onstrating a potential protective effect of estrogen in stress CM [35–37]. The patient 
with such type of cardiomyopathy should be treated as ACS until the obstructive 
coronary disease is ruled out by coronary angiography. The pathophysiology behind 
stress cardiomyopathy is not well understood [38], but the possible mechanism can 
be explained by the sudden release of catecholamine (Norepinephrine, epinephrine, 
and dopamine) [39, 40] that causes cardiac stunning by myocyte perfusion impair-
ment and lead to myocardial tissue edema, necrosis, and fibrosis [41].

The clinical features include anxiety, tachycardia, and chest pain which can 
mimic chest pain of acute MI. EKG may vary from ST segment elevation (most 
common finding), ST segment depression (less common), QT interval prolonga-
tion, T wave inversion, abnormal Q waves, and non-specific abnormalities. Serum 
cardiac troponin levels are elevated in most patients with stress CM, while creatine 
kinase (CK) levels are generally normal or mildly elevated. Furthermore, brain 
natriuretic peptide (BNP) or N-terminal pro-BNP (NT-proBNP) levels are elevated 
in most patients with stress CM. Radionuclide myocardial perfusion imaging is 
generally not indicated in patients presenting with suspected stress cardiomyopathy 
since most have high-risk features for ACS and will require coronary angiography. 
Patients with suspected non-ST elevation ACS with low to intermediate-risk fea-
tures may undergo radionuclide myocardial perfusion imaging. An echocardiogram 
can show a decrease in LVEF and LV wall motion abnormalities (Figure 3). Patterns 
of LV wall motion abnormality in patients with stress-induced cardiomyopathy 
include the apical type (most common), and atypical variants including mid-
ventricular, basal, focal (limited to an isolated segment), and global types. CMR 
may be helpful in the diagnosis and evaluation of stress cardiomyopathy when the 
echocardiogram is technically suboptimal and/or there is coexistent coronary artery 
disease. Late gadolinium enhancement (LGE) on CMR is usually absent in stress 
cardiomyopathy in contrast to MI in which intense subendocardial or transmural 
LGE is seen.

Stress-induced cardiomyopathy is generally a reversible disorder that is man-
aged with supportive therapy [42]. Rapid resolution of symptoms can be usually 
seen with conservative treatment and resolution of the physical or emotional 
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stress. However, some patients may develop acute complications such as shock and 
acute HF that require intensive therapy. Appropriate management of shock varies 
and depends on whether significant left ventricular outflow tract (LVOT) obstruc-
tion is present [43]. HF management during an acute presentation and following 
stabilization is generally performed according to standard guidelines. However, 
caution should be performed to avoid volume depletion and with use of vasodila-
tor therapy in patients with LVOT obstruction. Recommendations for anticoagula-
tion to prevent thromboembolism in patients with stress cardiomyopathy with 
LV thrombus or severe LV systolic dysfunction are similar to those for post-MI 
patients [44, 45].

8. Peripartum cardiomyopathy

Peripartum cardiomyopathy is an important cause of dilated cardiomyopathy 
and HF. It is also known as pregnancy-associated cardiomyopathy [46]. The diagno-
sis can be missed due to the lack of regular screening and overlap between clinical 
signs or symptoms of HF signs or symptoms of the pregnancy [47]. Peripartum 
cardiomyopathy usually occurs during the last trimester or within the 6 months 
of the postpartum period. Several risk factors have been identified which include 
greater age, multiple gestations, African descent, and a history of preeclampsia, 
eclampsia, or postpartum hypertension. The pathophysiology is not clearly under-
stood but Honigberg and Givertz suggested the possible role of oxidative stress on 
myocardium caused by elevated prolactin levels [48].

The clinical features of peripartum cardiomyopathy are usually masked by 
signs and symptoms of pregnancy and are difficult to diagnose solely based on 
clinical findings. Patients usually present with similar clinical presentation as 
HF patients (shortness of breath, fatigue, orthopnea, lower extremities pitting 
edema). An echocardiogram is the modality of choice for definitive diagnosis 
of peripartum cardiomyopathy and usually shows dilated cardiomyopathy with 
an impairment of the ejection fraction [49]. Echocardiogram generally reveals 
a global reduction in LV systolic function with LVEF nearly always <45 percent. 
Management is similar to the treatment of HF with reduced EF, such as ACE 
inhibitors or ARBs or ARNI, beta-blockers, and diuretics. In addition to this treat-
ment, use of bromocriptine should also be considered [50]. However, prophylactic 
anticoagulation should always be considered along with bromocriptine treatment 
as thromboembolic events have been noticed during the use of bromocriptine [50]. 
Patients should get a repeat echocardiogram six weeks after diagnosis has been 
made for prognostication [51].

Figure 3. 
Doppler image showing LVOT obstruction in a patient with Takotsubo Cardiomyopathy.



421

Reversible Cardiomyopathies
DOI: http://dx.doi.org/10.5772/intechopen.97309

9. Thyroid disease induced cardiomyopathy

Metabolic cardiomyopathy is a secondary cardiomyopathy that results from 
disturbed energy production leading to impaired cardiac function. It may be caused 
by a myriad of endocrine disorders, nutritional deficiencies, and familial storage 
diseases [52]. Thyroid hormones have been shown to affect myocytes by acting 
on various thyroid hormone receptors in the myocardium, including a-myosin 
heavy chain fusion, sarcoplasmic reticulum calcium-activated ATPase (SERCA), 
the cellular membrane Na+/K+ pump (Na+/K+ ATPase), β-adrenergic receptors, 
cardiac troponin I, and atrial natriuretic peptide (ANP) [53]. These interactions 
help upregulate α-chains but downregulate β-chains in myocytes, which ultimately 
leads to faster myocardial fibril shortening [54]. Thyroid hormones have also been 
shown to affect the ion channels, including Na+/K+ ATPase, Na+/Ca + 2 exchanger, 
and various K+ channels by inducing positive inotropic effects, thereby prolong-
ing activation of Na + channels and shortening action potential durations [55]. 
Additionally, thyroid hormones have been known to have a vasodilatory effect 
on peripheral arteries [56]. The combined effort of these mechanisms can cause 
systemic changes in cardiac function by reducing peripheral vascular resistance, 
activating the renin-angiotensin mechanism, increasing LV end-diastolic volume 
(LVEDV), and increasing preload [57]. The increased preload and decreased 
peripheral vascular resistance lead to a high cardiac output, even at rest, resulting 
in cardiomyopathy. In contrast to hyperthyroidism, hypothyroidism causes a low 
cardiac output cardiomyopathy via the same pathways mentioned above, however, 
by downregulating the previously mentioned receptors/channels causing decreased 
myocardial excitation and contractility leading to a low-output cardiomyopathy 
[58]. The clinical features are similar to those seen in patients with HF.

Management of thyroid disease-induced cardiomyopathy follows a similar 
algorithm to the cardiomyopathies mentioned above, which includes the typical HF 
treatment regimen. Management also includes addressing the root etiology, whether 
it be excess or deficiency of thyroid hormones. However, there is promising data 
showing that the use of β-adrenergic blockade may be beneficial in these patients. 
Biondi et al. conducted a small study which demonstrated that hyperthyroid 
patients treated with the selective β1-adrenoceptor antagonist bisoprolol experi-
enced normalization of the LV mass index and LV systolic function after 6 months 
of treatment [59]. Similar results were established in a case study published a year 
later in which the use of β-adrenoceptor blockers showed clinical improvement in 
a patient with dilated cardiomyopathy caused by hyperthyroidism [60]. It is also 
worth mentioning the association between hyperthyroidism and AF. The preva-
lence of AF in thyrotoxicosis is estimated to be 13% according to one study. This 
is especially important as uncontrolled AF is associated with tachycardia-induced 
cardiomyopathy as discussed above [61, 62].

10.  Cardiomyopathy related to obstructive sleep apnea or 
hypoventilation

Obstructive sleep apnea (OSA) is a potentially life-threatening condition that 
is characterized by repeated cessation of breathing while sleeping mostly due to 
complete or partial pharyngeal obstruction [63]. There has been evidence support-
ing the associations between obstructive sleep apnea and cardiovascular morbidity 
and mortality. The National Commission on sleep disorders research estimated that 
sleep apnea is probably responsible for 38,000 cardiovascular deaths per year [64]. 
Also, obstructive sleep apnea increases the risk of coronary artery disease by 30%, 
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heart failure by 140%, and stroke by 60% [65]. OSA can be identified by a combina-
tion of symptoms and laboratory results, such as repetitive apneas and hypopneas 
accompanied by hypoxia, sleep arousals, and hemodynamic changes [66–69]. 
Furthermore, activation of the sympathetic nervous system during respiratory 
events potentiates vasoconstriction and often triggers increases in blood pressure 
and heart rate [67, 70]. OSA is also associated with several cardiorespiratory prob-
lems such as loud snoring, loud gasps, and daytime breathlessness [71, 72].

The underlying mechanisms showing the associations between OSA and cardio-
vascular disease are not completely understood, but several intermediate mechanisms 
have been proposed. They include sustained sympathetic activation, changes in 
intrathoracic pressure and oxidative stress, and later vascular inflammation caused by 
nocturnal hypoxia and reoxygenation cycles [73, 74]. These mechanisms then results 
in increases in systolic blood pressure that might eventually lead to hypertension or 
worsening of this condition. A similar mechanism might explain the link between 
OSA and tachyarrhythmia [75]; whereas bradyarrhythmia, which is more common 
than tachyarrhythmia, might be the effect of an increase in vagal tone due to stimula-
tion of receptor sites in the upper airway [76]. Other abnormalities observed among 
patients with OSA such as disorders in coagulation factors, endothelial damage, 
platelet activation, and an increase in inflammatory mediators might also be involved 
in the pathogenesis of cardiovascular disease [74, 76–79]. Patients with OSA have char-
acteristically higher levels of endothelin and lower levels of nitric oxide than healthy 
sleepers [74, 77]. This increased endothelin level is known to impair blood pressure 
regulation as well. Thus, patients with OSA often experience greater blood vessel con-
striction. Interestingly, with continuous positive airway pressure (CPAP) treatment, 
levels of endothelin and circulating nitric oxide invariably return to normal [77].

Recently, research interests have centered on the relative contribution of oxida-
tive stress in explaining the associations between sleep apnea and cardiovascular 
morbidity [74, 79, 80]. Investigators have proposed that hypoxia, which is com-
monly observed in sleep apnea, promotes the formation of reactive oxygen species 
(ROS), which could activate the transcriptional activator hypoxia-inducible factor 
1 (HIF-1), particularly during the reoxygenation period [81, 82]. ROS regulates 
the activation of critical transcription factors that are redox-sensitive, resulting 
in increased expression of genes, which encode proteins promoting adaptation to 
hypoxia [81]. It has been suggested that redox-sensitive transcription factors, which 
elicit inflammatory pathways are also activated, thereby affecting inflammatory 
and immune responses by promoting activation of endothelial cells, leukocytes, 
and platelets [74]. These cells once activated can express adhesion molecules and 
proinflammatory cytokines that may lead to endothelial injury and dysfunc-
tion, which inevitably lead to the development of cardiovascular morbidity [74]. 
Observing this chain of events, investigators surmise that atherogenesis apparently 
starts soon after the onset of sleep apnea [74]. Substantial atherosclerotic insults are 
likely incurred by the time a diagnosis is rendered since symptoms often become 
apparent around the age of 45 years [74, 80]. It is unclear whether such atherogenic 
damages can be reversed, but treatment can retard their progress [83].

Using CPAP therapy, investigators have shown significant reductions in levels 
of C-reactive protein and interleukin-6 [83], and atherogenic plaque regression has 
been observed among patients with dyslipidemia [84]. Therefore, sleep apnea diag-
nosis and treatment should be made as early as possible in order to prevent cardio-
vascular morbidity. The use of CPAP or bilevel PAP therapy have showed positive 
benefits in clinical trials. This therapeutic modality is highly effective in improving 
left ventricular ejection fraction and quality of life by decreasing blood pressure and 
sympathetic activity and reducing mortality among patients with congestive heart 
failure [85, 86]. Additionally, CPAP treatment significantly reduces risks of ACS, 



423

Reversible Cardiomyopathies
DOI: http://dx.doi.org/10.5772/intechopen.97309

cardiovascular death, and hospitalization for heart failure among patients with 
coronary artery disease [87]. Furthermore, CPAP therapy has significant effects on 
lipid levels. CPAP studies show significant improvement in insulin sensitivity and 
left ventricular function with a corresponding decrease in blood pressure [88].

11. Toxic cardiomyopathy

Dilated cardiomyopathy can result from direct exposure to toxins, such as 
cocaine, alcohol, medications, particularly chemotherapeutic drugs, and radiation 
in the absence of abnormal underlying cardiovascular conditions such as hyper-
tension, valvular disease, or coronary artery disease. The true prevalence of toxic 
cardiomyopathy in the general population is not known. The mechanism of toxic 
cardiomyopathy caused by some common toxic substances has been mentioned 
here. Alcoholic cardiomyopathy has been discussed separately. Patients with toxic 
cardiomyopathy usually present with clinical features similar to patients with 
systolic HF and the treatment involves the avoidance of toxic substances along with 
treatment for systolic HF.

11.1 Cocaine

Cocaine use is associated with the development of cardiomyopathy. However, 
the relationship is not well understood as compared to the relationship between 
cocaine use and coronary ischemia. Multiple mechanisms have been explained 
including the excessive sympathetic stimulation with increased myocardial oxygen 
consumption, direct toxic effect, and infectious cardiomyopathy in a parenteral 
cocaine user. In young persons, cardiomegaly with otherwise unexplained HF 
should raise the suspicion of cocaine abuse. Abstinence from cocaine usually leads 
to complete reversal of the myocardial dysfunction.

11.2 Medications

A number of medications such as anticancer drugs, anti-diabetic drugs, or 
antiretroviral drugs are associated with cardiomyopathy, and discontinuation of 
such drugs may result in significant improvement in cardiac function.

Anticancer drugs, such as anthracycline, trastuzumab, and cyclophosphamide 
are known to cause CM. Anthracycline-induced cardiomyopathy has been the most 
extensively studied. The mechanisms of anthracycline-induced cardiotoxicity are 
primarily due to its mechanisms of action as anticancer drugs which is inhibition of 
topoisomerase II β and DNA cleavage. Additionally, metabolic or oxidative stress fac-
tors may play a part, together with interference with iron metabolism. On the other 
hand, trastuzumab is a monoclonal antibody directed against the c-erbB-2 (HER2/
neu) receptor that is used in the treatment of breast cancer. Since the HER2 signal-
ing pathway plays an important role in cardiac development and protection, there 
is biological plausibility for cardiac toxicity with the use of trastuzumab [89, 90]. 
cardiomyopathy is also known to develop when a loss of function mutation occurs in 
HER2 in ventricular myocytes [91].

Antidiabetic medications such as thiazolidinedione class drugs are known to 
cause cardiotoxicity. The possible mechanisms of cardiotoxicity caused by these 
drugs include oxidative stress and interference with mitochondrial respiration. On 
the other hand, antiretroviral medications like azidothymidine are also cardiotoxic 
as a result of mitochondrial toxicity. Azidothymidine also increases the production 
of mitochondrial reactive oxygen species (ROS) in addition to energy depletion.
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11.3 Methamphetamine

Methamphetamine and related compounds are the second most widely used illicit 
drug in the United States after cannabis [92]. Methamphetamine-associated cardiomy-
opathy (MACM) may be seen in chronic methamphetamine users. The primary mecha-
nism of action of methamphetamine is the increased release and decreased uptake of 
catecholamines at the neuronal synapse producing a marked effect on the cardiovascu-
lar system [92]. The increased levels of catecholamines can stimulate alpha and beta-
adrenergic receptors leading to hypertension and tachycardia. Methamphetamine can 
lead to irreversible structural and functional changes in the heart which eventually lead 
to decompensated heart failure and ultimately requiring heart transplantation.

11.4 Carbon monoxide

Carbon monoxide (CO) exposure is known to cause cardiomyopathy by causing 
hypoxic injury. CO causes direct toxic damage to the mitochondria leading to an 
impairment of the mitochondrial respiratory chain at the cytochrome c oxidase 
level and a decrease of glutathione concentrations and ATP production. In survivors 
of an acute exposure, there is no evidence for a delayed dilated cardiomyopathy. 
In one retrospective study of 626 patients with CO exposure, only 3.04% (n = 19) 
patients had CO induced CM [93].

11.5 Trace elements

Trace elements are known to play an important role in myocardial metabolism 
and their accumulation (cobalt, arsenic) or deficiency (selenium) can be responsible 
for a form of dilated cardiomyopathy that is indistinguishable from an idiopathic 
CM. The role of trace elements was assessed in one study in which myocardial and 
skeletal muscle biopsies were obtained from 13 patients with an idiopathic DCM, 35 
patients with valvular or ischemic heart disease, and 4 normal subjects [94]. Patients 
with a dilated cardiomyopathy had a significant increase in the myocardial concen-
tration of mercury (22,000 times normal), antimony (12,000-fold higher), gold 
(11-fold higher), chromium (13-fold higher), and cobalt (4 times higher). On the 
other hand, patients with valvular or ischemic heart disease had myocardial concen-
trations of trace elements that were ≤ 5 times greater than normal. Concentrations 
of trace elements in skeletal muscle were normal in all groups of patients.

Cobalt-associated cardiomyopathy probably results from interference with 
energy production and contractile mechanisms. Cobalt associated cardiomyopathy 
has been reported in drinkers of beer containing cobalt sulfate for foam stabiliza-
tion (known as Quebec beer-drinkers’ cardiomyopathy) [95], individuals with 
work-related cobalt exposure, and in some individuals exposed to cobalt from metal 
hip prostheses [96]. There have been some reported cases where degeneration of 
metallic hip implants can lead to cobalt cardiomyopathy [97, 98]. Antimony may 
cause lethal oxidative stress and cell death mediated by elevation in intracellular cal-
cium. Proposed mechanisms for mercury toxicity include depletion of glutathione, 
ROS production and interruption in selenium-dependent endogenous enzymatic 
reactions. The existence of lithium-induced cardiomyopathy is still debated.

12. Uremic cardiomyopathy

Cardiovascular diseases are the leading cause of morbidity and mortality 
in chronic kidney disease (CKD) patients [99]. These adverse cardiovascular 
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consequences are due to CKD related cardiomyopathy, which is termed uremic 
cardiomyopathy [100]. Uremic cardiomyopathy in patients with CKD or end-stage 
renal disease (ESRD) is the result of pressure overload, volume overload, and the 
uremic state itself. Epidemiological studies and studies using cardiac MRI have 
suggested that the primary manifestation of uremic cardiomyopathy is LV hyper-
trophy (LVH). It is present even in patients with very early stages of CKD. The 
prevalence of LVH in pre-dialysis patients is up to 65%. The pathogenesis of uremic 
cardiomyopathy is poorly understood and is generally multifactorial. Patients with 
CKD usually continue to have abnormal myocardial remodeling despite improve-
ments made to dialysis and advancements in the treatment of CKD, hypertension, 
hypervolemia, anemia. Two factors play an important role in the pathophysiology 
of patients with CKD and mineral and bone disease (CKD-MBD) which include the 
hormone FGF23, and its cofactor, αKlotho. FGF23 is deleterious to the myocardium, 
while αKlotho is protective. Although αKlotho is an obligatory cofactor for FGF23 
action as the primary phosphaturic hormone in phosphorus homeostasis, both 
factors are seen to have independent and antagonistic effects on the myocardium. 
Briefly, the main pathophysiology of uremic cardiomyopathy includes a triad of 
hyperphosphatemia, αKlotho deficiency, and elevated FGF23 levels [100].

The cause for very high cardiovascular risk in CKD patients can be explained 
by effects of traditional and non-traditional cardiovascular risk factors which are 
augmented by sequelae of CKD, such as uremia, anemia, hypervolemia, oxidative 
stress, inflammation, and insulin resistance eventually leading to faster progression 
of cardiovascular disease and increasing the number of cardiovascular events and 
mortality [101]. About 40% of deaths in dialysis patients are due to sudden cardiac 
death (SCD) which outweighs deaths due to HF, acute myocardial infarction (MI), 
and stroke in such population [102]. The major reason for sudden cardiac death in 
patients with uremic cardiomyopathy is fatal arrhythmia which is in contrast to 
the general population where the most common reason for SCD is acute MI. The 
risk factors for adverse cardiovascular events in dialysis patients include anemia, 
high parathyroid hormone levels, hypo or hypercalcemia, hyperphosphatemia, fast 
electrolyte shift, chronic volume overload, inflammation, coronary artery disease, 
autonomic dysfunction, atrial fibrillation, heart failure with systolic dysfunction, 
and left ventricular hypertrophy (LVH) [103].

The clinical features in uremic cardiomyopathy patients are similar to that of HF 
patients such as dyspnea, orthopnea, fatigue, weakness, elevated jugular venous 
pressure, an S3 gallop, rales, and peripheral edema. ECG can show findings sug-
gestive of LVH and may show nonspecific ischemic changes. Echocardiography 
may reveal LV systolic dysfunction, LV diastolic dysfunction, or valve dysfunction. 
Laboratory tests may show elevated natriuretic peptides and cardiac enzymes 
like other cardiomyopathies, but the interpretation of those tests is difficult in a 
patient with CKD or ESRD as these patients usually have elevated levels of cardiac 
biomarkers at baseline due to poor renal clearance. Thus, an entire clinical picture 
with lab tests, ECG findings, and echocardiogram findings should be taken to make 
a diagnosis of uremic cardiomyopathy.

Conventional hemodialysis is the main treatment for uremic cardiomyopathy, 
and it may cause regression of LVH. Hemodialysis is also known to reverse the 
systolic dysfunction and thus improve LVEF in some patients with ESRD. However, 
patients tend to continue to have cardiac dysfunction or uremic cardiomyopathy 
even while on hemodialysis treatment, thus conventional hemodialysis may not be 
adequate treatment despite being the treatment of choice. Renal transplantation has 
been shown to reverse uremic cardiomyopathy and to confer a significant survival 
advantage over hemodialysis [104]. Future therapies targeting the underlying 
cellular mechanisms of uremic cardiomyopathy may help to reduce the burden of 
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uremic cardiomyopathy in the CKD and ESRD population. In a study on uremic 
mice, Rapamycin has been shown to reduce cardiac hypertrophy and fibrosis [105]. 
Thus, rapamycin has the potential to be an effective therapy for uremic cardiomy-
opathy. LVH is the early and pertinent manifestation of uremic cardiomyopathy as 
well as a powerful independent predictor of survival in CKD. The regression of LVH 
can reduce cardiovascular risk and improve survival.

13. Cirrhotic cardiomyopathy

Cirrhotic cardiomyopathy (CCM) is defined as a cardiac dysfunction in patients 
with cirrhosis, which is characterized by impaired contractile responsiveness to 
stress and/or altered diastolic relaxation, with electrophysiological abnormalities, 
in the absence of other known cardiac disorder [106–108]. For years CCM was 
confused with alcoholic cardiomyopathy, but in 1953, Kowalski and Abelmann 
demonstrated the existence of a circulatory dysfunction specific to liver cirrhosis 
[109]. Since then many experimental and clinical studies have established the 
existence of CCM different than alcoholic cardiomyopathy. Cirrhosis of the liver 
leads to a hyperdynamic circulatory state, which induces cardiac dysfunctions 
that characterize the CCM syndrome which includes a combination of systolic and 
diastolic dysfunctions, prolonged ventricular repolarization, and the inability of the 
sinus node to increase heart rate during exercise [108].

CCM is a condition in which patients usually remain asymptomatic for months 
to years as they have a near-normal cardiac function at rest and develop symptoms 
only under conditions of physical or pharmacological stress [110]. Thus, the 
diagnosis of CCM is challenging and the actual prevalence of this condition remains 
unknown. Pathogenesis of CCM includes mechanisms such as the increased activity 
of the vasodilator pathway through the actions of NO, cytokines, cannabinoids, 
carbon monoxide, and cytokines, decreased beta-adrenergic function, and sodium 
and calcium transport kinetics downregulation in the cardiac muscle which can lead 
to an impaired contractile function of the cardiomyocyte. CCM is generally a silent 
condition as patients at rest do not develop any signs or symptoms of heart failure as 
peripheral vasodilatation protects the heart by reducing afterload [108]. However, 
CCM should be suspected in patients with cirrhosis presenting with a decrease in 
exercise tolerance and HF symptoms in the absence of any other underlying heart 
disease.

Echocardiogram and ECG are the most important tests to diagnose CCM. 
ECG can reveal prolongation of QT interval in such patients. The most common 
echocardiography finding in such patients is first-degree diastolic dysfunc-
tion which is characterized by reduced early diastolic ventricular filling and 
increased atrial filling (E/A < 1.0), deceleration time > 200 ms, and prolonged 
isovolumetric relaxation time (ITVR >80 ms) representing increased resistance 
to ventricular inflow [111]. Stress echocardiography is also a useful method that 
should be used in patients with advanced liver disease as it can detect subtle 
systolic and diastolic dysfunctions before the ventricular ejection fraction is 
decreased [112]. Laboratory tests usually show elevated levels of troponin, atrial 
natriuretic peptide (ANP), and NT-proBNP. Additionally, CMR can also serve 
as a useful tool in the diagnosis of CCM. In patients with CCM, late gadolinium 
enhancement has a diffuse myocardial distribution in MR images with the 
appearance of myocarditis [113].

The treatment of CCM is similar to the treatment of HF in non-cirrhotic 
patients. However, reduction in afterload is not recommended in patients with 
advanced cirrhosis as these patients are already significantly dilated. However, in 
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patients with final-stage liver disease and associated with CCM, liver transplanta-
tion is the only effective established treatment. Liver transplantation has been 
shown to reverse the systolic and diastolic dysfunction and prolonged QT interval 
[114, 115]. However, the unavailability of organ donors and cost concerns should 
be considered. The candidates must be well evaluated, as patients are at risk of 
death by HF, coronary artery disease, tachyarrhythmias, and other cardiac deaths 
in the post-operative term of liver transplantation. There is no accurate data on the 
prognosis for liver transplantation in patients with CCM. Patients with CCM should 
avoid physical effort and other forms of stress and should be provided with oxygen 
in some situations.

14. Conclusion

Reversible cardiomyopathies have been considered as one of the under diagnosed 
etiologies of non-ischemic cardiomyopathy that require careful clinical insight. 
Although reversible in nature but if remain undiagnosed, it can lead to catastrophic 
effects. It is hypothesized to have better prognosis compared to ischemic cardiomy-
opathy. Early diagnosis is warranted to guide efficient treatment. Further research 
regarding diagnostic and therapeutic algorithm for this subset of cardiomyopathy is 
needed to improve long term outcomes (Table 1).

Etiology of 
cardiomyopathy

Pathophysiology Management

Myocarditis Inflammation due to infectious agent, 
most commonly viral.

Natural course with recovery, no 
definitive treatment.
Steroid may be used in Giant cell 
myocarditis

Sepsis-induced Not well understood. Probably reaction 
due to cytokines release.

Treatment of underlying 
infection.

Alcoholic High incidence of cardiomegaly. Toxicity 
mediated due to adenosine accumulation.

Alcohol cessation

Peripartum Most commonly in the last trimester. 
Could be misdiagnosed. Not clear 
mechanism.

Standard CHF treatment. 
Bromocriptine may be helpful

Stress Induced Known as Takotsubo Cardiomyopathy. 
Caused by sudden release of 
catecholamine due to stress.

Spontaneous recovery

Tachycardia induced Arrythmia such as atrial tachycardia and 
PVC induced

Arrythmia ablation

Thyroid 
disease-induced

It is a part of Metabolic Cardiomyopathy. 
Caused by hyper or hypothyroidism. 
Could lead to arrhythmias especially atrial 
fibrillation.

Treatment of underlying 
condition

Hypoventilation 
Related

Most commonly due to OSA. Could cause 
structure and hemodynamic changes.

Better prognosis if early 
intervention of the OSA before 
severe changes in the intracardiac 
pressures.

Toxic Could be cause by licit or ilicit agents that 
results cardiotoxic

Most of the times reversible once 
the agent is stopped.

Table 1. 
Summary of Reversible Cardiomyopathies.
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Chapter 20

Ischemic Heart Disease
Saraí López De Lucio and Marco Antonio López Hernández

Abstract

All over the world ischemic heart disease remains as the leading cause of death, 
followed by stroke. Ischemic heart disease, also called coronary artery disease has 
a broad spectrum of clinical manifestations from the acute coronary syndromes 
which include, unstable angina pectoris and acute myocardial infarction with and 
without elevation of the ST segment and chronic coronary disease. In patients with 
diabetes mellitus the cardiovascular complications mainly ischemic heart disease, 
are the main cause of morbidity and mortality. However, in population-based 
studies, the risk of heart failure in patients with diabetes mellitus is significantly 
increased following adjustment for well-established heart failure risk factors such 
as hypertension or ischemic heart disease. Ischemic heart failure angiographically 
diagnosed is associated with a shorter survival than non-ischemic heart failure. 
Coronary artery disease is independently associated with higher mortality.

Keywords: myocardial infarction, coronary artery disease, heart failure, Ischemic 
heart disease

1. Introduction

Ischemic disorders, such as peripheral vascular disease, stroke and myocardial 
infarction, are the most common causes death in the world. Cardiovascular diseases 
are the main cause of death globally, with an estimated 17.9 million deaths each 
year, representing 31% of all global deaths. Of these deaths, 85% are a consequence 
of myocardial infarction and stroke. Over 75% of cardiovascular disease deaths 
take place in low- and middle-income countries [1]. The main cause of myocardial 
infarction is coronary artery disease, and in turn the main cause of coronary artery 
disease is atherosclerosis. The rupture of atheroma plaque is the event that lead to 
the thrombus formation with the subsequent occlusion of the blood supply distal 
to the affected vessel segment. The magnitude of the tissue injury is directly related 
to the extent of the territory affected by the reduction in blood flow and the length 
of the ischemic period, which influences the levels at which intracellular pH and 
ATP are reduced. Follow-up of groups of patients with characteristics that favor 
the appearance of atherosclerosis over time, has allowed the identification of risk 
factors for cardiovascular disease, as well as the development of various predictive 
models, such as the Framingham score.

The main cause of ischemic heart disease is coronary artery disease caused by 
atherosclerosis. There are secondary causes of ischemia, these can cause ischemic 
heart disease and non-obstructive myocardial infarction of the coronary arteries 
(INOCA and MINOCA), these secondary causes are classified in coronary, myocar-
dial and non-cardiac causes.
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2. Atherosclerotic artery disease

The term atherosclerosis is rooted in the Greek word αθερα (“athero”, which 
means crushed food in the form of a mass) for the aspect of the necrotic core 
area and the word σκλεροζ (“scleros” which means hard) for hardening or indu-
ration, referring to the fibrous layer of the luminal edge. Atherosclerosis is an 
inflammatory process that begins from childhood and develops over the years, 
is asymptomatic most of the time; is distinguished by retention, oxidation and 
modification of lipids in the form of fatty streaks on the walls of the arteries that 
later evolve to fibrous plaques causing wall thickening in the affected artery, 
decreasing its internal diameter over time. Rupture of this plaque cause throm-
bosis and occlusion of the blood supply to the myocardial tissue irrigated by the 
affected artery [2].

The main cause of Ischemic heart disease is atherosclerosis. Coronary athero-
sclerotic disease can be classified into three types: obstructive coronary artery 
disease, non-obstructive coronary artery disease, and microvascular coronary 
artery disease. In addition to arteriosclerosis and thrombosis of the coronary arter-
ies, other causes of acute myocardial infarction are extremely rare. Cases have been 
described of infarction caused by embolization within the coronary arteries from 
clot fragments from elsewhere, or septic embolization due to endocarditis of the 
aortic valve.

3. Definition of myocardial infarction

The introduction of more sensitive cardiac biomarkers has led the American 
College of Cardiology (ACC) and the European Society of Cardiology (ESC) to col-
laborate for the redefinition of myocardial infarction using a clinical and biochemi-
cal approach. These societies reported that myocardial injury detected by abnormal 
biomarkers in the context of acute myocardial ischemia should be labeled as in the 
fourth universal definition of myocardial infarction. In other words, myocardial 
infarction is defined as the presence of acute myocardial damage detected by the 
elevation of cardiac biomarkers in the context of evidence of acute myocardial 
ischemia [3].

Myocardial infarction can be defined from the point of view of pathological 
anatomy as myocardial cell death due to prolonged ischemia. The first ultra-
structural changes are diminished cellular glycogen, sarcolemmal disruption, 
and relaxed myofibrils and they are seen as early as 10–15 min after the onset of 
ischemia. Mitochondrial abnormalities are observed as early as 10 minutes after 
coronary occlusion by electron microscopy [4, 5].

Cardiac troponins are regulatory proteins that mediate interaction between 
actin and myiosin, there are two types of cardiuacx troponins; troponin T (cTnT) 
and troponin I (cTnI), The cTnI has not been identified outside the myocardium. 
Cardiac troponin T is expressed to a small extent in skeletal muscle; however, the 
current cTnT assay does not identify skeletal troponins Myocardial injury is defined 
by detection of an elevated cardiac troponin (cTn) value above the 99th percentile 
URL. The injury is considered acute if there is a rise and/or fall of cTn values. The 
biomarkers of choice for the evaluation of myocardial damage are cTnI and cTnT; 
the use of high-sensitivity cTn (hs-cTn) is recommended in routine clinical practice 
[6]. Other biomarkers, such as the MB fraction of creatine kinase (CK-MB), are less 
sensitive and specific (Table 1).

Of patients with acute coronary syndrome, 1 to 14% do not have identifiable 
obstructive coronary lesions on coronary angiography.
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Patients with myocardial infarction and non-obstructive coronary arteries 
(MINOCA), represent a conundrum given the many potential underlying etiolo-
gies. MINOCA is defined as angiographic stenosis <50% and myocardial infarction 
Possible causes of MINOCA can be subdivided into coronary, myocardial, and 
non-cardiac disorders (Figure 1).

Classification of myocardial infarction

Myocardial 
infarction type I

Usually precipitated by atherosclerotic plaque disruption in atherothrombotic 
coronary artery disease.

Myocardial 
infarction type 2

Caused by mismatch between oxygen supply and demand, the pathophysiological 
mechanism lead to ischaemic myocardial injury.

Myocardial 
infarction type 3

Patients that manifest with a typical presentation of myocardial ischemia/
infarction, including presumed new ischaemic ECG changes or ventricular 
fibrillation, and die before it is possible to obtain blood for cardiac biomarker 
determination; or the patient may succumb soon after the onset of symptoms 
before an elevation of biomarker values has occurred.

Myocardial 
infarction type 4

Type 4a.
Associated with percutaneous coronary intervention.

Type 4b.
Stent/scaffold thrombosis associated with percutaneous coronary intervention.

Type 4c.
Restenosis associated with percutaneous coronary intervention.

Myocardial 
infarction type 5

Associated with coronary artery bypass grafting.

Table 1. 
Classification of myocardial infarction according the fourth universal definition of myocardial infarction.

Figure 1. 
Etiologies of MINOCA.
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MINOCA is found in up to 14% of patients presenting with an acute coronary 
syndrome. Many terms have been used to describe patients with acute myocardial 
infarction or acute coronary syndrome with normal or near-normal coronary arter-
ies, such as MINOCA, MINCA (MI with normal coronary arteries) and INOCA 
(ischemia and no obstructive coronary artery disease) The most common patholo-
gies associated with an acute coronary syndromes are plaque rupture, erosion and 
calcified nodules which are present in 44%, 31% and 8% respectively.

Plaque formation starts with the formation of fatty streaks and intimal thicken-
ing, leading to fibrous cap atheroma and eventually to fibrous cap thinning. This so-
called thin-cap fibroatheroma can rupture. In plaque erosion, there is an abundance 
of smooth muscle cells without an extensive necrotic core, hemorrhage or calcifica-
tion. It differs from plaque rupture, as there is an absence of fibrous cap disruption. 
Identification of vulnerable plaques on coronary angiography can be challenging. 
Intravascular coronary imaging and computed tomography angiography could play 
an important role in finding these plaques in the future.

An elevated troponin beyond the 99th percentile of the upper reference level is 
a hallmark of myocardial injury in the same way that it is for myocardial infarction. 
However, myocardial injury is attributable to non-ischemic mechanisms of myocyte 
injury and in this way these entities differ conceptually from ischemic heart disease.

The diagnosis of MINOCA requires the fulfillment of the following criteria:

1. Acute myocardial infarction. Detection of a rise or fall of cTn value with at 
least one value above the 99th percentile upper reference limit and corrobora-
tive clinical evidence of infarction evidenced by at least one of the following 
criteria:

• Symptoms consistent with myocardial ischemia.

• New electrocardiographic changes consistent with ischemia.

• Development of pathological Q waves.

• Evidence of a new loss of viable myocardium or a new regional wall motion 
abnormality with a pattern consistent with an ischemic cause on imaging 
studies.

• Evidence by angiography or autopsy of a coronary thrombus.

2. Evidence on angiography of non-obstructive coronary arteries, defined as the 
absence of obstructive disease (no coronary artery stenosis ≥50% in any major 
epicardial vessel). This includes the following cases:

• Normal coronary arteries with no angiographic stenosis.

• Angiographic stenosis with <30% stenosis and mild luminal irregularities.

• Moderate coronary atherosclerotic lesions defined as stenosis >30% 
but <50%.

3. Absence of an alternate clinical diagnosis to explain the presentation

• Alternate diagnoses include but are not limited to non-ischemic causes such 
as pulmonary embolism, sepsis, and myocarditis.
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Among MINOCA patients coronary plaque disruption is common. The terms 
plaque rupture, plaque erosion, and calcific nodules are included in the term plaque 
disruption. Plaque rupture is an event that can trigger the formation of a thrombus 
that leads to myocardial infarction due to superimposed coronary spasm, distal 
embolization, or in some cases, transient complete thrombosis that resolves with 
spontaneous thrombolysis.

Coronary artery spasm is an intense vasoconstriction with more than 90% 
lumen occlusion of an epicardial coronary artery that compromises myocardial 
blood flow. Hyperresponsiveness to toxins or drugs of vascular smooth muscle cells 
can lead to vasospasm of the coronary arteries, or it can occur spontaneously due to 
disorders in coronary vasomotor tone.

In 30–50% of patients with non-obstructive coronary artery disease docu-
mented by invasive coronary angiography and presenting with chest pain or 
discomfort, coronary microvascular dysfunction can be detected. Microvascular 
dysfunction is seen more frequently in women and patients with classic cardiovas-
cular risk factors. Microvascular dysfunction can be a cause of ischemia, but it can 
also be a consequence of myocardial injury.

Coronary embolism or thrombosis can cause MINOCA if it involves the micro-
circulation or if there is partial lysis of the epicardial coronary thrombus it can 
result in coronary disease that is not obstructive by coronary angiography. This can 
occur with or without a hypercoagulable state. Disorders with increased coagu-
lability that cause coronary thrombosis can be classified as inherited or acquired. 
Among these disorders is the antiphospholipid syndrome, which is a heterogeneous 
disorder characterized by the presence of autoantibodies against protein-phospho-
lipid complexes. Hereditary thrombophilia is prevalent in the general population, 
with a variable prevalence depending on race/ethnicity. Acquired hypercoagulable 
states include thrombotic thrombocytopenic purpura, antiphospholipid syndrome, 
heparin-induced thrombocytopenia, and myeloproliferative neoplasms.

Spontaneous coronary artery dissection is a relatively rare non atherosclerotic 
mechanism of myocardial infarction. The separation of the medial and adventitial 
vascular walls associated with intramural hematoma protrusion into the lumen 
cause obstruction to coronary blood flow. The primary source of the dissection is 
still controversial and the exact mechanism is not entirely known.

4. Myocardial ischemia-reperfusion injury

Occlusion of a coronary artery causes sudden cessation of regional perfusion, 
rapidly leading to the cessation of aerobic metabolism, creatine phosphate deple-
tion, and the onset of anaerobic glycolysis; this continues to build up of lactate 
and catabolites and progressively reduces ATP levels. If ischemia continues, tissue 
acidosis develops and cellular ion exchange is impaired, the function of the cell 
membrane is impaired, triggering the onset of myocyte death. Irreversible myocar-
dial damage begins in the subendocardium 20 minutes after coronary occlusion and 
extends as a wave front towards the subepicardial layers; after one hour of coronary 
occlusion, the dependent subendocardium and part of the myocardium are irrevers-
ibly damaged; transmural extension is completed with 4–6 h of ischemia.

Reperfusion entails a replenishment of substrates, mainly oxygen, which will 
intervene in the oxidation of fatty acids at the mitochondrial level. Complete 
restoration of contractile function is achieved when adenosine triphosphate (ATP) 
levels normalize and excess adenosine diphosphate (ADP, platelet aggregation 
agonist) disappears. There are other factors, such as changes in calcium flux due 
to membrane alterations or alterations in the metabolism of free fatty acids, which 
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are responsible for the prolonged abnormality of contraction after ischemia [7–9]. 
Endothelial damage activates the coagulation cascade with platelet and red cell 
aggregation that contribute to microvascular dysfunction [10]; the inflammatory 
response with complement activation also influences myocardial perfusion dys-
function [11] and other changes such as glycogen and ATP depletion, mitochondrial 
edema and nuclear chromatin clumping correlate with worsening myocardial 
function after ischemia (stunned myocardium) [12–14].

Reperfusion of the affected vessel during an acute myocardial infarction is 
crucial to save the ischemic myocardium, but it also causes a metabolic injury that 
can be reversible, as in the case of myocardial stunning [15–17], but it can also be 
irreversible and manifest as microvascular dysfunction and an increase in the size 
of the infarcted myocardium. This phenomenon is known as myocardial ischemia–
reperfusion injury.

Several molecular mechanisms have been shown to be involved in the etiology 
of myocardial ischemia–reperfusion injury including defects in calcium handling, 
mitochondrial damage, reactive oxygen species production, and inflammation.

5. Apoptosis

Both calcium overload and oxidative stress can induce on the mitochondrial 
permeability transition pores abrupt opening. This abrupt opening of these pores 
causes uncoupling of oxidative phosphorylation and mitochondrial swelling, 
thereby inducing apoptosis and cell necrosis [18–19]. The apoptosis process is 
energy-dependent. It gets activated during ischemia, but it is not effected until 
the oxygen supply is reinitiated during reperfusion. Caspase activation is a pri-
mordial event in apoptosis. Caspase inhibition during early reperfusion has been 
demonstrated to protect the myocardium against reperfusion injury in a murine 
model [20].

6. Defects in calcium handling

For the maintenance of the excitation-contraction coupling in cardiomyocytes, 
calcium homeostasis plays an essential role. During the cardiac action potential, 
extracellular calcium enters the cell through L-type calcium channels, the ryano-
dine receptor 2 (RyR2) is activated by intracellular calcium leading to increased 
release of calcium from the sarcoplasmic reticulum. Intracellular calcium present 
at a certain level cause myocardial contraction, by binding to the myofilament of 
the contractile protein troponin C. On the one hand, the sarcoplasmic reticulum 
calcium-ATPase (SERCA) recaptures intracellular calcium, bringing it back to the 
sarcoplasmic reticulum. On the other hand, the sodium-calcium exchanger (NCX) 
expels calcium from the cells and the dissociation of calcium from the myofilament 
protein leads to cardiomyocite relaxation. SERCA, NCX, RyR2, and mitochondria 
regulate the calcium levels in myocardial cells, and also participate in calcium over-
load during ischemic injury. The common clinical characteristics of the myocardial 
induced reperfusion injury are myocardial reperfusion arrhythmias, stunning, 
intramyocardial hemorrhage, microvascular obstruction, and enlargement of the 
myocardial infarction [21–24].

After a period of hypoxia and ischemia, myocardial cells have an increase in 
anaerobic metabolism, this leads to the intracellular aggregation of hydrogen ions, 
which causes a low intracellular pH and an increase in intracellular sodium through 
hydrogen-sodium exchange (HNX). Excess intracellular sodium leads to sodium 
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excretion and calcium uptake by the sodium calcium exchanger ultimately resulting 
in calcium overload.

Calcium plays a fundamental role in the coupling of cardiac excitation-contrac-
tion. Thus, the calcium overload will increase the reperfusion injury and the size 
of the infarcted myocardium. Excess intracellular calcium will enter the mitochon-
dria and this excess mitochondrial calcium inhibits ATP production, exacerbates 
energy metabolism disorders, and ultimately leads to apoptosis of myocardial cells. 
Mitochondrial damage is known to be a marker of irreversible damage in cardio-
myocytes [25–26].

Disturbances of calcium homeostasis play a key role in the development of 
reperfusion arrhythmias, including idioventricular rhythm, ventricular tachycar-
dia, and ventricular fibrillation [27]. Inhibition of intracellular calcium overload 
improves recovery of cardiac function [28].

7. Autophagy and mitophagy

The phenomenon called “mitophagy” consists of the activation of cellular 
autophagy and degradation of damaged mitochondria by lysosomes and is generally 
beneficial because they reduce the reperfusion injury [29].

Ischemia is known to stimulate autophagy. This occurs through a mechanism 
dependent on adenosine monophosphate activated protein kinase (AMPK), 
while ischemia–reperfusion causes left ventricular dysfunction and autophagic 
myocardial cell death through a Beclin-1 dependent mechanism, but independent 
of AMPK. The increase in autophagosomes containing damaged mitochondria is 
associated with the latter event [30, 31].

8. Inflammation

A sequence of cellular events leading to collagen-based scar formation leads 
to healing of the infarcted myocardium. This is a consequence of the fact that the 
heart of adult mammals has little regenerative capacity. Three overlapping phases 
describe the repair of the infarcted myocardium: the inflammatory, the prolifera-
tive and the maturation phases. Inflammation exerts a key role in cardiovascular 
diseases, as extensively reported in the literature. Inflammatory responses exert 
a different effect in the acute and chronic phase. Activation of inflammatory 
responses acutely contributes to the healing process including release of cytokines 
and infiltration of inflammatory cells into the myocardium, while prolonged activa-
tion of inflammation triggers pro-apoptotic pathways [32–34].

Reperfusion of the infarcted area of the myocardium triggers a complex inflam-
matory reaction accompanied by infiltration of inflammatory leukocytes into 
the compromised myocardial region and the release of cytokines. This release of 
cytokines and the inflammatory response after myocardial infarction are an integral 
part of the healing process and contribute to the remodeling of cardiac tissue, 
however, excessive inflammatory responses are detrimental to the integrity of the 
extracellular matrix and to cell survival. This occurs through enhanced activation of 
pro-apoptotic signaling pathways, with a subsequent poor clinical outcome [35–37].

Tissue injury generates endogenous signals that activate the innate immune 
system; these molecules belong to a large group of mediators that warn the body of 
injury and are known as damage-associated molecular patterns (DAMPs). A group 
of structurally diverse endogenous signals are released after tissue necrosis occurs, 
promoting cell activation of innate immune systems through binding to recognition 
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pattern receptors, these are known by the term alarmins. High mobility group B1 
(HMGB1) is the best characterized alarmin and is a key initiator of inflammatory 
injury following myocardial ischemia through actions that might involve the recep-
tor for advanced glycation end products (RAGE) and toll-like receptors (TLRs). 
The fact that both harmful and beneficial effects of HMGB1 have been reported 
in the infarcted myocardium is not surprising given the critical role of alarmin-
mediated signaling in inflammation and repair of myocardial tissue. The identifica-
tion of danger signals by innate immune cells occurs through participation of TLRs, 
a family of transmembrane receptors that activate subsequent pro-inflammatory 
cascades. Studies of loss of genetic function indicate that TLR2 and TLR4, both 
located on the cell surface, are important mediators of the post-infarction inflam-
matory reaction.

A molecular program that leads to the recruitment of inflammatory cells in the 
healing infarct is activated by alarmin-mediated signaling. The pro-inflammatory 
chemokines induced in the infarcted heart generate chemotactic gradients that lead 
to the recruitment of subpopulations of leukocytes through interactions with the 
corresponding chemokine receptors. Upregulation of pro-inflammatory cytokines 
(such as IL-1β, members of the IL-6 family and tumor necrosis factor [TNF]) 
induce molecule synthesis, endothelial cell adhesion, and activate leukocyte integ-
rins, mediating strong adhesive interactions that ultimately lead to extravasation of 
inflammatory cells into the infarct.

In the infarcted myocardium the expression of the two main chemokine sub 
families (C-C y C-X-C) mediate the inflammatory leukocyte recruitment, The 
neutrophyl recruitment is mediated by the chemokines CX-C with amminoacid 
secuence Glu-Leu-Arg which are quickly induced by the infarcted myocardium.

9. Oxidative stress

Oxidative stress can be produced from enzymatic sources and non-enzymatic 
sources. Common enzymatic sources include the xanthine oxidase system, mito-
chondrial electron transport chain, NADPH oxidase system, and uncoupled nitric 
oxide synthase (NOS) system. Non-enzymatic sources are a minor source of oxida-
tive stress, and include hemoglobin and myoglobin. The xanthine oxidase system, 
NADPH oxidase system, and mitochondrial electron transport chain are broadly 
implicated in oxidative stress in several organs, including the heart, lung, brain, 
muscle, intestine, liver, pancreas, stomach, and kidney. NOS is a major oxidative 
stress factor in the liver, heart, and aortic endothelial cells [38–40].

The onset of acute myocardial ischemia during an acute myocardial infarction 
induces cell damage and the death of different constituents of the myocardium. 
This, in turn, initiates an acute pro-inflammatory response through the concerted 
action of several processes including the production of reactive oxygen species, 
the activation of the complement cascade, and the damage-associated molecular 
patterns that serve as ligands for pattern recognition receptors (PRRs) a family 
of cytosolic nucleotide-binding oligomerization domain receptors (NLRP3, also 
known as Nod-like receptors) and toll like receptors This result in the release of a 
variety of pro-inflammatory mediators such as cytokines and chemokines, which 
induce the recruitment of inflammatory cells into the infarcted zone, and augment 
the pro-inflammatory response following acute myocardial infarction.

Infiltrating leukocytes can induce cardiomyocyte death by targeting the viable 
borderline area of   the infarct, thus extending the ischemic lesion beyond the area of 
the original infarction.



445

Ischemic Heart Disease
DOI: http://dx.doi.org/10.5772/intechopen.97515

10. Heart failure

Heart failure is a complex syndrome responsible for high rates of death and 
hospitalization among the general population worldwide. One of the most frequent 
causes of HF is ischemic heart disease.

Heart failure is a clinical syndrome characterized by typical symptoms (breath-
lessness, ankle swelling, and fatigue) that may be accompanied by signs (e.g. 
elevated jugular venous pressure, pulmonary crackles, and peripheral oedema) 
caused by a structural and/or functional cardiac abnormality, resulting in a reduced 
cardiac output and/or elevated intracardiac pressures at rest or during stress. 
Demonstration of an underlying cardiac cause is central to the diagnosis. This 
is usually a myocardial abnormality causing systolic and/or diastolic ventricular 
dysfunction (Figure 2).

The two main types of heart failure are the acute and chronic forms. In 
chronic heart failure which is the most common type, symptoms appear slowly 
over time and gradually worsen with various underlying mechanisms such as 
mechanical stress, ischemia, infections, autoimmune diseases, and genetic 
diseases [41–45].

The regeneration process in ischemic heart disease after myocardial infarction 
begins with the infiltration of leukocytes. This is triggered by ischemia and the 
presence of necrotic cardiomyocytes to eliminate irreparably damaged or dead cells 
and allows repair of the infarcted area through the formation of scars to maintain 
cardiac integrity [46, 47].

A significant number of inflammatory cells, including monocytes/macrophages 
and neutrophils that infiltrate the infarct area, are considered to be an essential 
component of very early wound healing processes. It is through the polarization of 
macrophages towards a reparative phenotype that neutrophils orchestrate post-
infarction healing. The polarization of neutrophils is mediated by DAMPs and the 
neutrophils themselves can polarize towards different phenotypes, for example, 
neutrophils N1 and N2 in the infarct region [48–51]. The cellular immune response 
and the subsequent inflammatory response are considered a key factor in adverse 
left ventricular remodeling after an acute myocardial infarction. The New York 
Heart Association (NYHA) functional classification has been used to describe the 

Figure 2. 
Ischemic heart disease features in the etiology of heart failure.
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severity of symptoms and exercise intolerance in heart failure. Although there is a 
clear relationship between the severity of symptoms and survival, the severity of 
symptoms is poorly correlated with many measures of left ventricular function, 
and patients with mild symptoms may be at high risk of hospitalization and death 
(Figure 3) [52–54].

Estimation of prognosis for morbidity, disability and death helps patients, their 
families and clinicians decide on the appropriate type and timing of therapies (in 
particular, decisions about a rapid transition to advanced therapies) and assists with 
planning of health and social services and resources (Figure 3) [55].

Virtually any measurement that can be performed in a biological system is 
included in the definition of a biomarker, this term in the context of heart failure is 
limited to substances measured in the blood other than electrolytes and commonly 
used markers of kidney or liver function. The plasma concentration of natriuretic 
peptides (NPs) can be used as an initial diagnostic test, especially in the non-acute 
setting when echocardiography is not immediately available. Elevated NPs help 
establish an initial working diagnosis, identifying those who require further cardiac 
investigation; patients with values below the cut-point for the exclusion of impor-
tant cardiac dysfunction do not require echocardiography [55].

Figure 3. 
Diagnostic algorithm from the ESC guidelines for the diagnosis and treatment of acute and chronic heart 
failure for the diagnosis of heart failure of non-acute onset [55]. BNP = B-type natriuretic peptide; 
CAD = coronary artery disease; HF = heart failure; MI = myocardial infarction; NT-proBNP = N-terminal 
pro-B type natriuretic peptide.



447

Ischemic Heart Disease
DOI: http://dx.doi.org/10.5772/intechopen.97515

The fact that several drugs for HF have shown detrimental effects on long-term 
outcomes, despite showing beneficial effects on shorter-term surrogate markers, 
has led regulatory bodies and clinical practice guidelines to seek mortality/morbid-
ity data for approving/recommending therapeutic interventions for HF. However, 
it is now recognized that preventing HF hospitalization and improving functional 
capacity are important benefits to be considered if a mortality excess is ruled out.

After of myocardial infarction the presence of ischemic heart failure mortality is 
a frequent complication. Several factors, such as infarct size, recurrent myocardial 
ischemia, ventricular remodeling, mechanical complications, stunned myocardium, 
and hibernating myocardium influence the appearance of left ventricular systolic 
dysfunction with or without clinical heart failure [56–58].

In 30–40% patients, the etiology of heart failure is nonischemic, the ischemic 
etiology is a significant independent predictor of mortality in patients with heart 
failure [59]. In the VALIANT registry were included 5573 consecutive MI patients at 
84 hospitals in nine countries from 1999 to 2001. A multivariable logistic survival 
model was constructed using baseline variables to determine the adjusted mortality 
risk for those with in-hospital heart failure and/or left ventricular systolic disfunc-
tion. The presence of heart failure precedes 80.3% of all in-hospital deaths after 
myocardial infarction, and the survivors. Heart failure post high risk myocardial 
infarction occurs in a time-dependent fashion and is usually not directly related to 
re-infarction [60, 61].

11. Conclusions

Ischemic heart disease remains as the leading cause of death in the world. 
Coronary atherosclerosis and related ischemic heart failure is a leading cause of 
heart failure with reduced ejection fraction, the heart failure of ischemic ethiology 
is associated with a shorter survival and more complications than non-ischemic 
heart failure. The heart failure and systolic left ventricle dysfunction are present in 
more than the 80% of in-hospital deaths after myocardial infarction. Substantial 
improvements in the prevention and management of heart failure present formi-
dable challenges, but these challenges may be met because much of the necessary 
ground work has already been carried out.

It is important to highlight that for the clinician who faces the challenge of treat-
ing patients with ischemic heart disease, it is important to know its mechanisms 
and the therapies aimed at both the management of patients with acute myocardial 
infarction and heart failure. The goals of treatment in patients with HF are to 
improve their clinical status, functional capacity, quality of life, prevent hospital 
admission, and reduce mortality.
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Abstract

Ischemic heart disease (IHD) presents a gigantic clinical challenge that demands 
effective therapeutic approaches. With increasing knowledge of the basic molecular 
mechanisms guiding the progress of this disease, it is now possible to target the key 
pathological players through gene therapy. Modified mRNA-based gene delivery 
presents a promising alternative to traditional gene therapy, because modRNA 
approaches have high potency, non-immunogenicity, greater efficiency and con-
trolled nucleic acid transfer to the body. However, until recently the therapeutic 
applications of mRNA have been limited, as naturally occurring mRNA is rapidly 
degraded and cleared from the circulation. In this chapter, we outline the compo-
sitional changes made to mRNA to enhance its translational capacity and discuss 
the available carrier molecules currently being employed to deliver modRNA to the 
heart. We provide a detailed overview of modRNA applicability for cardiac repair 
and regeneration and consider future directions for novel delivery methods that can 
facilitate its cardiac therapeutic use.

Keywords: cardiac repair, cardiac regeneration, gene therapy, modified mRNA,  
non-viral gene delivery

1. Introduction

1.1 Ischemic heart disease

Ischemic heart disease (IHD), a life-threatening cardiac condition, is the most 
common cause of heart failure, which is the leading cause of mortality worldwide, 
and in developed countries its burden is rivaled only by cancer. Systolic dysfunction 
and reduced cardiac output are the major hallmarks of ischemic heart failure (IHF). 
It is hard to determine the etiology of IHF, which is often associated with multiple 
underlying diseases, including ischemic cardiomyopathy, coronary artery disease or 
previous myocardial infarction (MI), that cause an imbalance between myocardial 
oxygen demand and supply. Decreased or complete loss of blood supply to an area of 
the myocardium for a prolonged period has detrimental effects on cardiomyocytes 
(CM). Myocardial ischemia progressively results in either reversible, via myocardial 
stunning and hibernation, or irreversible loss of CM. Following myocardial ischemia, 
a heavy burst of cell damage or death occurs in the infarct region, mostly within the 
first 24 hours [1]. However, low-grade cell death continues in the peri-infarct zone 
for months due to a complex cascade of molecular and cellular events [2]. Because the 
adult heart cannot regenerate, newer therapeutic approaches are needed to halt the 
ongoing damage that follows myocardial ischemia. Multiple studies have consistently 
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indicated that attenuating apoptotic cell death pathways (death receptor and mito-
chondrial apoptosis pathways) could be a viable therapeutic strategy for MI [3–6].

Soon after MI, a spectrum of clinical changes occurs in the heart and eventually 
results in heart failure. Billions of CMs die, triggering a multiphase reparative response 
known as cardiac remodeling that can be divided into three distinct but overlapping 
phases: the inflammatory phase, the proliferative phase and the maturation or healing 
phase [7]. The early inflammatory phase, characterized by immune cell recruitment 
and infiltration, clears dead cells and debris from the infarct region and prepares the 
injured region for the proliferative phase, during which mesenchymal reparative cells, 
mainly myofibroblasts and endothelial cells, proliferate and form granulation tissue. 
Myofibroblasts secrete excessive extracellular matrix proteins that play a critical role 
in preserving the structural integrity of the damaged heart. As myofibroblast and 
endothelial cell apoptosis ends, the maturation phase begins and heals the infarct into 
a collagen-rich fibrotic scar [8]. Post-ischemic myocardial remodeling replaces most of 
the dead necrotic infarct with fibrotic nonfunctional scar tissue, which increases the 
mechanical load on the adjacent myocardium and thus reduces the pumping capacity of 
the heart muscle. Informed by a detailed understanding of these mechanisms, gene-
based therapy for IHD aims to upregulate the genes involved in (a) activating adult CM 
proliferation, (b) preventing cardiac cell apoptosis and necrosis, (c) reducing the innate 
and adaptive immune response and (d) inducing angiogenesis. Several studies utilize 
gene therapy strategies to investigate and treat IHD.

In the last two decades, emerging gene therapies have sought to improve heart 
function after MI. However, treatments involving traditional vectors have produced 
few meaningful results. Efforts to use DNA-based or viral gene delivery methods 
to induce cardiac repair processes post MI or in HF conditions have failed due to 
poor, uncontrolled gene delivery [9, 10]. Current pharmacological therapeutics 
help manage symptoms and improve quality of life, but these approaches lack 
organ specificity and cannot permanently remedy the disease. Synthetic modified 
mRNA (modRNA) is a promising gene delivery vector, and the Pfizer-BioNTech 
and Moderna vaccines against the novel coronavirus SARS-COV-2 have generated 
great optimism about its prospects in other areas. ModRNA therapeutics offer 
several advantages over conventional vectors, as they offer safe, non-immunogenic, 
efficient, transient, local, controlled delivery of an almost limitless range of nucleic 
acids to nearly any part of the human body. Over the last eight years, i.e. since the 
first time modRNA was delivered to the heart [11], various pre-clinical studies have 
explored using modRNA for gene introduction following IHD. In this chapter, we 
will focus on structural modifications that allow modRNA to escape the immune 
response, modRNA carrier systems in the heart and the use of modRNA for upregu-
lating genes that support cardiovascular regeneration.

2. Exogenous mRNA translation

The process of gene expression begins with DNA transcription to messenger 
RNA (mRNA), which is then translated into a protein. Following the pre-mRNA 
transcript for synthesis, post-transcriptional or co-transcriptional modifications 
produce a mature, functional RNA molecule that can leave the nucleus to perform 
a variety of functions in the cell. These post-transcriptional modifications signifi-
cantly alter the chemical structure of the RNA molecule in three major ways: (a) 
capping at 5′ end, (b) polyadenylation at 3′ end and (c) splicing introns in the cod-
ing region. These processes are vital to mature mRNA production and translation.

Capping is the first modification and involves adding N7-methylated guano-
sine to the first nucleotide at the 5′-end of growing nascent mRNA transcripts. 
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Synchronized with transcription, this modification takes effect immediately as the 
first 25–30 nucleotides of the nascent transcript are synthesized [12]. The 5′ cap not 
only protects nascent mRNA from 5′ to 3′ exonuclease cleavage and degradation but 
also facilitates mRNA splicing, polyadenylation and nuclear export. There is also 
evidence that 5′ untranslated region (UTR) plays a critical role in initiating protein 
synthesis [13]. Polyadenylation is another major post-transcriptional modifica-
tion of the pre-mRNA transcript that occurs before the mature mRNA leaves the 
nucleus. As transcriptions terminate, polyadenylation begins when an endonu-
clease-protein complex releases the functional pre-mRNA by cleaving it between 
an AAUAAA consensus sequence and a GU-rich sequence at the 3′ end from the 
growing transcript. An enzyme called poly (A) polymerase (PAP), which is part 
of the endonuclease-protein complex, catalyzes the addition of an approximately 
200-adenine-nucleotide string, also known as a polyA tail, to the 3′ end of cleaved 
pre-mRNA [14, 15]. Changes in these components of mRNA are discussed later the 
chapter.

These post-transcriptional pre-mRNA processes take place in the nucleus, and 
only the successfully processed mature mRNA molecules are exported out of the 
nucleus, whereas the faulty mRNAs and spliced-out introns are degraded by a 
specialized multi-subunit exosome complex. In the cytoplasm, the mature func-
tional mRNA will be either directed to ribosomes for translation or shuttled to other 
compartments for sequestration and/or degradation [16].

3. Innate immune response

The innate immune system is the first line of defense against pathogens. It plays 
a critical role in initiating the protective immune response by detecting exogenous 
motifs, a process also known as recognizing pathogen-associated molecular patterns 
(PAMPs) via pattern recognition receptors (PRRs) present in many immune cell 
types, particularly sentinel APCs. Nucleic acids (DNA and RNA) have been docu-
mented as key PAMPs and are known to initiate a complex cascade of intracellular 
signaling pathways leading to the production of proinflammatory cytokines and 
chemokines. Therefore, synthetic or exogenously administered mRNA molecules are 
inherently immunogenic. Toll-like receptors (TLRs), the type I transmembrane pro-
teins, are the major PRRs that contribute to RNA recognition in the endosomal com-
partment. TLR3 is localized in the endosomes of innate immune cells and recognizes 
the dsRNA. Upon binding to dsRNA, TLR3 is activated and recruits its downstream 
adaptor TRIF (TIR-domain containing protein inducing type 1 Interferon (IFN)-I), 
which facilitates the formation of TRIF signaling complex. This complex activates 
NF-κB and IRF3/IRF7 transcription factors that ultimately boost the transcription of 
proinflammatory cytokines and interferons (IFNs), respectively.

Alternatively, single-stranded RNA (ssRNA) and their degradative products 
in the endosomes are sensed by Toll-like receptor 7 (TLR7) and TLR8 [17], which 
recognize and bind to ssRNA, leading to confirmation changes in receptor dimers. 
These changes facilitate recruitment of downstream adaptor myeloid differentia-
tion marker 88 (MyD88), which enables the formation of a multiprotein signaling 
complex, Myddosome. This complex activates downstream NF-κB and IRF7 signal-
ing that induces the production of proinflammatory cytokines and IFNs, respec-
tively [18], which activate antigen-presenting cells (APC). At the same time, higher 
INF levels activate the type I interferon (IFN-I) pathway which upregulates an array 
of genes including those involved in degrading cellular mRNA and ribosomal RNA-
like oligoadenylate synthetase (OAS) [18] and inhibiting translation e.g. 2′-5′- and 
protein kinase R (PKR) [19, 20].
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In the cytosol, unmodified mRNAs are detected by different sets of PRRs includ-
ing retinoic acid-inducible gene-I-like receptors (RLRs), nucleotide oligomerization 
domain (NOD)-like receptors (NLRs), oligoadenylate synthetase (OAS) recep-
tors and RNA-dependent protein kinase (PKR). Almost all mammalian cell types 
express RLRs, which are the chief family of cytosolic RNA sensors [21]. The RLR 
family includes retinoic acid-inducible gene 1 (RIG-I), melanoma differentiation-
associated-5 (MDA-5) and laboratory of genetics and physiology 2 (LGP2). Upon 
binding with the RNA, RIG-I and MDA5 undergo conformational changes and 
interact with mitochondrial antiviral-signaling protein (MAVS). MAVS plays an 
essential role in RLR signal transduction by recruiting a series of kinases which in 
turn elevate the expression of proinflammatory cytokines and IFN genes via  
IRF-3/7 and NF-kB pathways [22–24].

Given its immunostimulatory properties, synthetic modRNA has undergone 
various design modifications to ensure adequate escape from the innate immune 
response, thereby averting toxic overactivation and facilitating efficient translation 
of the exogenous mRNA.

4. mRNA alterations to escape immune response and enhance stability

As discussed above, the major obstacles to RNA therapeutics are their instabil-
ity due to high RNAses activity and the higher immunogenicity of RNA molecules. 
The possible feedback loop between innate immune activation and reduced mRNA 
translation further decreases therapeutic mRNA potency. Thus, to push cardiac 
mRNA therapy towards clinical use, researchers seek to optimize the  chemical 
structure of mRNA by changing its phosphate backbone, RNA terminals or 
nucleosides. Synthetic modRNA construction has been discussed previously [25]. 
In this section, we highlight recent progress in modifying RNA to regulate RNA 
stability.

4.1 Nucleotide modifications

Non-immunogenic mRNA is engineered by transcribing plasmid DNA in 
vitro. This flexible method can substitute uridine with modified nucleosides 
such as pseudouridine, 2-thiouridine, 5-methyluridine, 5-methylcytidine or 
N6-methyladenosine [26]. These modifications have been shown to bypass 
TLR7 and TLR8 activation. Specifically, completely replacing uridine with 
1-Methylpseudouridine-5′-Triphosphate (N1m Ψ) enables more robust transla-
tion than other changes in mRNA structure [27]. Psuedouridine (Ψ) is a naturally 
occurring uridine isomer generated by a C-C, instead of N-C, bond to uridine. The 
bonding process entails breaking the glycosidic bond, rotating the base 180° and 
reforming bonds but retains the normal base pairing preference for adenosine [28]. 
Transcriptome-wide analyses have revealed thousands of Ψ sites in human mRNAs, 
demonstrating it is endogenous to the human body. Although Ψ-modified mRNA 
binds to RIG-I with high affinity post endocytosis, it fails to trigger the canonical 
RIG-I conformational changes associated with robust signaling, thus escaping the 
immune response.

4.2 Replacing mRNA capping

The 5′-cap is a hallmark of eukaryotic mRNA and plays an essential role in 
cap-dependent initiation of protein synthesis, stabilization of eukaryotic mRNA 
splicing, nuclear export and mRNA decay. This cap interacts with the cap binding 
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complex to trigger mRNA export from the nucleus. Once in cytoplasm, its interac-
tion with the eukaryotic translation initiation factor 4E (eIF4E) causes 5′ to 3′ 
mRNA looping to recruit multiple ribosomes and enhance the protein translation 
rate. Chemically, the 5′-cap consists of an inverted 7-methylguanosine (m7G) 
linked to the first nucleotide of the RNA via a reverse 5′ to 5′ triphosphate bridge. As 
the abnormally capped (cap 0) or uncapped (5’ppp or 5’pp) mRNAs are recognized 
by PRRs, modifications like adding the 2′O methylation of +1 nucleotide (cap 1 
or m7GpppNm) are central to the non-self-discrimination of the innate immune 
response against foreign RNA. However, Cap 1 can sometimes attach the mRNA 
strand in a reverse orientation, i.e., Gpppm7 instead of m7Gppp, which reduces 
translation efficiency. Thus, the second-generation capping system of anti-reverse 
cap analogs (ARCA) 3′-O- Mem7G(5′)ppp(5′)G, which cannot incorporate in the 
reverse orientation, is frequently used in vitro and in vivo to ensure correct cap-
ping orientation and higher translational efficiency [29, 30]. One downside of 
this chemical capping strategy is that the need for higher-ratio ARCA and GTP 
concentrations to produce a high percentage of capped mRNA significantly elevates 
the cost of modRNA production. Yet changing ratios of 5′ ARCA cap and N1m Ψ to 
favor ARCA over N1m Ψ greatly increases the yield per reaction, improves transla-
tion, reduces immunogenicity and lowers costs, making modRNA more affordable 
for basic and translational research [31].

4.3 Changes in untranslated regions

UTRs are important regulators of mRNA decay and translational efficiency as 
they serve as ribosome entry points during translation. The 5’UTR carries structural 
elements which are recognized by cell-specific RNA-binding proteins that may 
regulate translation initiation in a cap-dependent or cap-independent manner. The 
impact of the UTR on mRNA translation varies by species, cell type, and cell state; 
applying bioinformatics tools to diverse 5’UTR and 3’UTR combinatory libraries 
may be able to estimate mRNA translation efficiency. In vitro screening for opti-
mized mRNA 5’ UTR combinations has shown improved expression of arginase 1 
(ARG1), a potential therapeutic mRNA target, with the 5’UTR for complement 
factor 3 (C3) and cytochrome p4502E1 (CYP2E1) [32]. Using a transcriptomic and 
proteomic analysis, Sultana et al. recently identified 5’ UTR from the fatty acid 
metabolism gene carboxylesterase 1D (Ces1d) as an mRNA translation enhancer 
post cardiac and hepatic ischemic injuries. Ces1D belongs to the carboxylester-
ases family and plays vital roles in lipid metabolism. Thus, the fact that the heart 
switches to fatty acid metabolism under ischemic conditions may be why modRNA 
with Ces1D 5’UTR produces higher translation [33].

Like 5’UTR, 3’UTR located after ORF can also contribute to mRNA translation 
and controls multiple aspects of mRNA metabolism, including nuclear export, 
cytoplasmic localization, translational efficiency and mRNA stability [34]. 
Nevertheless, 3’UTR has proven conceptually more difficult to mechanistically 
regulate than 5’UTR. The 3’UTR length is a key regulator of mRNA expression: 
mRNAs with longer 3′ UTRs have a shorter half-life whereas mRNAs with shorter 
3′ UTRs are less efficiently translated. To date, erythrocyte proteins, alpha [35] and 
beta [36] globin 3′UTR have primarily been used in modRNA production; their lon-
ger half-lives improve protein production and prolong modRNA expression. New 
cellular library screenings that explore cell-based selection processes to identify 3′ 
UTRs may further augment mRNA translation levels. Amino-terminal enhancer of 
split (AES), mRNA-mitochondrially encoded 12S rRNA (mtRNR1) and mtRNR1-
AES-based 3′ UTRs can upgrade RNA translation in mRNA vaccination and mRNA-
based reprogramming of human fibroblasts [37]. Apart from using stable mRNA 
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sequences, 3’UTR also offers the binding site for miRNA, which are responsible for 
mRNA degradation. Thus, either limiting the number of miRNA sites or artificially 
incorporating miRNA-binding sites in the mRNA sequence can reduce gene expres-
sion in nontargeted tissues and promote mRNA stability.

4.4 Optimizing polyA tail length

The final approach for controlling RNA stability and regulating translation are 
polyA tails, which are homopolymeric sequences at the 3′ ends of RNA molecules. 
Post transcription, about 20 factors work cohesively to recognize the polyadenyl-
ation site at the 3’end, cleave the pre-mRNA, add a polyA tail and trigger transcrip-
tion termination. Beside adenosines, full-length polyA and mRNA sequencing 
reported the presence of non-A nucleotides, mostly cytosines, in the polyA tail 
region [38]. Conventionally, polyA tails were thought to be synthesized by adding 
~250 adenosines to the 3’UTR; however, recent developments using the PAL-seq 
and TAIL-seq have shown that most mRNAs have much shorter tails, with a median 
between 50 and 100 nt. Additionally, tail length correlates negatively with expres-
sion, half-life and ribosome occupancy. In the case of modRNA expression in the 
heart, reporter gene comparisons have demonstrated higher translation levels for 
modRNA containing 173 polyA compared to 120 adenosine, thus suggesting that 
longer polyA tail length produces higher-translating modRNA [39].

5. Modified mRNA delivery systems in the heart

An efficient delivery system is critical for achieving therapeutic effects with 
modRNA. The delivery vehicle must protect the mRNA from RNAses and the 
innate immune system. For exogenous mRNA to be translated, it must pass the lipid 
bilayer barrier in order to reach the cytoplasm, a rather arduous process. Successful 
mRNA uptake greatly depends on the targeted cell type and the physiological prop-
erties of the mRNA delivery complexes. modRNA is a larger molecule than those 
used in other gene delivery methods, and its size makes diffusion through the cell 
membrane more challenging. Furthermore, because modRNA contains a negatively 
charged phosphate backbone, the cell membrane creates repulsion that influences 
cellular delivery and organ distribution. By enhancing stability and translation, the 
recent chemical modifications in modRNA components have led to encouraging 
progress in the development of various carrier systems that can deliver large mRNA 
molecules to hard-to-reach organs, especially the heart (Figure 1).

Lipid nanoparticle (LNP) complexes are a popular choice for in vivo modRNA 
delivery. Compared to other complexes, LNPs can encapsulate larger modRNA 
volumes, offer better protection against RNAses and renal clearance and induce 
higher cellular uptake. These carrier molecules are primarily composed of ionizable 
lipids to ensure self-assembly of this large mo.ecule (~100 nm), phospholipids to 
support the lipid bilayer, cholesterol, a stabilizing agent and polyethylene glycol 
(PEG) lipids that increase the half-life and hence the stability of the formulations. 
To efficiently deliver modRNA in the heart, Turnbull et al. used a custom formula-
tion consisting of an epoxide-derived lipidoid (mixed in ethanol with the stabilizers 
DSPC, cholesterol and PEG-DMG) in addition to modRNA to generate formulated 
lipid nanoparticles (FLNPs) via nanoprecipitation. The custom-made FLNPs were 
more stable and showed faster translation than the traditional formulations [40, 
41]. Even though LNPs are the most appealing and commonly used mRNA delivery 
vehicles, some remaining challenges need to be addressed. First, the lipid formula-
tions may cause some toxicity in vivo, and second, the formulations need to be 
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adjusted depending on the administration route. An experimental study showed 
that reporter genes were expressed significantly more when delivered intrader-
mally compared to intravenously [42]. Furthermore, the systemically delivered 
LNPs favor expression in the liver due to apolipoprotein E binding and subsequent 
receptor-mediated uptake by hepatocytes. Thus, fine-tuning LNP a component is 
pivotal to beneficial cardiac therapy [43].

Although developed for siRNA transfections, cationic lipid nanoparticles, 
commonly known as lipofectamine, also have promising outcomes for modRNA 
delivery in the heart. Lipofectamine particles consist of a 3:1 mixture of DOSPA 
(2,3-dioleoyloxy-N- [2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanimin-
ium trifluoroacetate) and DOPE (1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine) 
generating a cationic molecule that readily encapsulates the negatively charged 
modRNA and carries it across the plasma membrane due to the neutral co-lipid 
mediating fusion between the liposome and the cell membrane [44]. Kondrat 
et al. have formulated modRNA with RNAimax for myocardial delivery [25]. For 
in vitro and in vivo cardiac cell delivery, lipofectamine RNAimax and modRNA 
can be delivered in optiMEM medium and gel-based formulations. For instance, a 
mixture of Cre recombinase modRNA mixed with lipofectamine and polyacrylic 
acid successfully expressed the protein when painted on the surface of transgenic 
Rosa26mtmg heart [45]. Further, Singh et al. reported alginate carrying microen-
capsulated modRNA (M3RNA) can cause rapid protein expression in primary CMs 
and targeted expression in mouse and porcine hearts. Forming alginate matrix 
by crosslinking alignate in the presence of Ca2+ provides an excellent platform for 
modRNA delivery in infarcted hearts [46].

Figure 1. 
Modified mRNA carrier systems for cardiac delivery.
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To increase the efficiency of modRNA uptake in vivo, cationic polymers 
have occasionally been used to upregulate therapeutic genes in the heart. These 
chemically diverse and positively charged molecules are highly compatible with 
the negatively charged modRNA and thus hold great potential for functionaliza-
tion. Polymers can be linear, branched or dendrimers; the latter comprise many 
branched repeats. One cardiac modRNA variant is polyethylenimine (PEI), which 
can efficiently promote gene transfection in vivo, as described by Huang et al. [47]. 
With a nitrogen atom at every third position along the polymer, PEI has a high 
charge density at reduced pH values, which may promote mRNA condensation 
and endosomal escape [48]. ModRNA transfection also depends on final formula-
tions and reportedly works best at a nitrogen residue/phosphate (N/P) ratio of 6 
of jetPEI/modRNA [47]. Despite PEI’s initial use in modRNA delivery in mice, its 
molecular weight and linear versus branched form need to be optimized, as these 
are reportedly major determinants of transfection efficiency and cytotoxicity.

Lastly, the safest, most efficient modRNA delivery method to the heart, 
as presented by Kaur et al. [49], is naked delivery without conjugation of any 
nanoparticle. Unlike the nanoparticle formulations, naked modRNA in saline or 
sucrose-citrate buffer does not form any of the complexes that make its efficacy 
questionable in vitro. While the transfection reagent masks the negatively charged 
mRNA, allowing electromagnetic attachment to and endocytosis of the negatively 
charged cell membrane, these formulations are associated with increased cell death. 
While comparing various modRNA various delivery reagents, naked modRNA 
with sucrose-citrate buffer or saline yields higher protein translation compared to 
modRNA encapsulated in nanoparticles in the heart. This could be explained by 
the sucrose acting as a readily available energy source to enhance endocytosis of the 
modRNA. The composition of the sucrose-citrate buffer also provides appropriate 
viscosity and thus prevents clumping to ensure single-stranded mRNA enters the 
myocardium to achieve high translation and avoid activating the immune response. 
Further, encapsulating modRNA with RNAimax has proven to be detrimental in the 
heart and triggers apoptosis locally. Another study showed that delivering 100ug 
of Luciferase/Cre recombinase modRNA in sucrose-citrate buffer was sufficient 
to produce optimal gene translation, resulting in ~20% transfection of the left 
ventricle [50]. The studies using various modRNA delivery systems in the heart are 
compiled in Table 1.

6. Modified mRNA to induce cardiac repair

ModRNA holds enormous potential as a non-viral gene delivery method for 
cardiovascular diseases. Recent developments in the understanding of basic blood 
vessel formation mechanisms have shown it may be possible to use therapeutic 
vascular growth to treat heart disease. Traditional vectors have delivered several 
growth factors to achieve new vessel growth in the heart [59]. To circumvent the 
complications associated with recombinant protein- and gene transfer-based 
therapies, Zangi et al. published a landmark study using in vitro transcribed 
modRNA to efficiently deliver vascular endothelial growth factor A (VEGFA) 
into the heart with minimal induction of innate immune responses. Their work 
demonstrated that direct intramyocardial injection of synthetic mRNA contain-
ing pseudouridine and 5-methylcytidine, encoding VEGFA, promoted vascular 
growth, improved heart function and enhanced long-term survival following MI 
injury [11]. Furthermore, VEGFA also had a pro-survival effect on vascular and 
endothelial cells and enhanced endothelial proliferation of epicardial-derived 
progenitor cells [51].
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Subsequent to this study in mice, Carlsson et al. established the efficacy of 
clinical-grade VEGFA modRNA, AZD8601 for heart regeneration after MI in 
porcine models. The group showed that the modRNA formulated in biocompatible 
citrate-buffered saline can transiently deliver genes into the heart. They also con-
firmed that intradermally or intravenously administered modRNA did not exhibit 
any signs of acute toxicity or inflammation in rats and cynomolgus monkeys. 
Epicardially injected AZD8601 administered 7 days after permanent ligation of the 
mid-left anterior descending coronary artery led to improved cardiac function in 
mini-pigs. The study demonstrated significant improvements in left ventricular 
ejection fraction, contractility and myocardial compliance with increased neovessel 
formation in the peri-infarct area and attenuated cardiac fibrosis 2 months after 
injection [56]. The promising results in the pig model led to the first clinical trial 
involving modRNA therapy for cardiac regeneration, by AstraZeneca (AZD8601) in 
collaboration with Moderna [55]. This phase 2a clinical trial (clinical trial number: 
NCT03370887) is expected to prove the safety and efficacy of epicardially injected 
VEGFA modRNA and authenticate improved myocardial blood flow in patients 
who underwent coronary artery bypass grafting surgery. Furthermore, the VEFGA 
modRNA, AZD8601 has progressed to a phase 1 clinical testing study in men with 
type 2 diabetes mellitus. The study involves delivering AZD8601 intradermally as a 
single dose into the forearm skin with the primary objective of assessing the safety 
and tolerability of this new therapeutic clinical trial number: NCT02935712). So far, 
the results have shown significantly increased local blood flow in the skin within 
7 days of modRNA injection as well as elevated VEGFA protein concentration in 
cutaneous dialysate, thereby indicating VEGFA is a potential candidate for micro-
vasculature therapy [60].

Following acute MI, ischemic stress is associated with LV deterioration, 
impaired cardiac function and higher ceramide levels. These elevated sphingolipid 
levels result from decreased ceramidase levels and are not induced by elevated 
sphingomyelinase activity. Further, the increased ceramides in the blood appear to 
be transient, as shown in a model of ischemic-reperfused myocardium in rats [60]. 
Thus, the pulse-like expression of mRNA encoding the enzyme acid ceramidase 
(AC) directly into the injured myocardium is sufficient to induce cardioprotection 
after MI [57]. Treatment with AC improved cardiac function, reduced LV scar 
size 28 days post MI and extended long-term survival. Huang et al. used modRNA 
delivery into mouse myocardium to evaluate the cytoprotective efficacy of insulin-
like growth factor 1 (IGF1) on hypoxia-induced CM apoptosis. As expected, IGF1 
secretion was observed 24 h after injection and peaked at 48 h. Note that a single 
dose of intramyocardially injected IGF1 post MI augmented Akt1 phosphorylation 
and decreased both Casp9 activity and TUNEL-positive cell levels within the border 
zone of infarcted mouse hearts. These changes reduced CM apoptosis and thus 
enhanced CM survival under hypoxic conditions [47]. The beneficial effects of the 
IGF1 signaling pathway in the MI model were evaluated by Zangi et al., who dem-
onstrated that the IGF1 receptor triggers the formation of epicardial adipose tissue 
in the heart. Thus, the innovative approach of delivering modRNA by applying a gel 
comprising IGF1 receptor dominant-negative mutants to the heart surface reduced 
adipogenic marker expression and led to better survival for CMs and cardiac pro-
genitors [51]. Additionally, introducing transcriptional co-activator yes-associated 
protein (aYAP) modRNA in the mouse heart produced promising outcomes in 
IR injury. Previously established for cell proliferation, aYAP effectively curtailed 
the innate immune inflammatory response and boosted CM survival in the dam-
aged myocardium. This modRNA-mediated gene delivery led to reduced scarring, 
improved heart function and suppressed hypertrophic remodeling 4 weeks after 
intervention [52].
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Another important aspect of cardiac repair is inducing the CM cell cycle. In this 
regard, delivering modRNA encoded for follistatin-like 1 (FSTL1, with glutamine 
substituted for asparagine in the N-glycosylation site at position 180) increased 
CM proliferation both in vitro and in a mouse model post MI without inducing CM 
hypertrophy. FSTL1 mutation of all three N-glycosilation sites present in hFSTL1 
mimicked the glycosylation state of bacterially produced FSTL1 and was sufficient 
and essential to activate the CM cell cycle and cease cardiac remodeling post MI 
[53]. In another study, Magadum et al. showed modRNA-based CM cell cycle induc-
tion via upregulating pyruvate kinase muscle isoenzyme 2 (PKM2). This isoenzyme 
of the glycolytic enzyme pyruvate kinase can be detected in CMs during embryonic 
development and immediately after birth, but not during adulthood. Introducing 
PKM2 in CMs in vivo increased CM cell division, improved cardiac function and 
enhanced long-term animal survival. These results stem from PKM2 interaction 
with 𝛽𝛽-catenin in CM nuclei and upregulated downstream targets Cyclin D1 and 
C-Myc, which remove the brakes from cell cycle arrest, in addition to reduced 
oxidative stress damage through activation of anabolic pathways and β-catenin [61]. 
The study also described a unique system to achieve CM specificity by implement-
ing archaeal ribosomal protein L7Ae in the modRNA constructs. The authors added 
kink-turn motif, a specific binding site for L7Ae, to the 5′UTR of PKM2 mRNA, and 
when the L7Ae recognized the kink-turn motif it cleaved the modRNA and hence 
blocked translation. Using this cell-specific system, modRNA encoding for PKM2 
with kink-turn motif was co-transfected with modRNA encoding L7Ae, which 
included CM-specific microRNA recognition elements (miR1–1 and miR- 208a) 
within 3′UTR. This co-transfection prevented PKM2 expression in all cardiac cells 
except CMs [58, 61]. Collectively, these studies show the therapeutic potential and 
effectiveness of modRNA technology in cardioprotection and cardiac repair.

7. Concluding remarks and future directions

Current structural improvements that enhance modRNA stability and escalate 
its translational capacity, have spiked interest in modRNA for both basic research 
and clinical therapeutics. The innovative progress in modRNA design has facilitated 
rapid mass production, reduced costs and revealed the versatility of next-gener-
ation modRNA for future therapeutics. The recent success of modRNA vaccines 
against SARS-COV-2 has proven that modRNA can provide robust, safe and effi-
cient gene transfer in humans and hence is considered a promising tool for treating 
various disorders, including heart failure [62]. However, the multifarious obstacles 
concerning modRNA’s large size, charge, intrinsic instability and need to be admin-
istered through intracardiac injections hamper the translation of modRNA-based 
cardiac therapeutics to the clinic.

Significant advances in nanodelivery systems, especially in the field of LNPs, 
have shown the best prospects for developing modRNA-based therapies. The US 
Food and Drug Administration’s recent approval of short interfering based patisiran 
to treat hereditary transthyretin amyloidosis has made LNPs an attractive potential 
non-toxic carrier system for modRNA delivery [63]. Despite developments in 
delivery systems, predictable, efficient delivery of nanoparticles to targeted tis-
sues remains challenging. Changes in the internal and/or external charge of the 
nanoparticle is one key aspect of tuning tissue tropism. To address this, Cheng et al. 
developed a unique method of supplementing additional molecules to established 
LNP molar compositions in order to tune the internal charge for selective organ tar-
geting. The resulting formulations were able to precisely target a variety of organs 
and enabled high levels of modRNA delivery. Although such studies have produced 
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highly promising results for modRNA delivery in lung, spleen and liver, more work 
remains to be done to create minimally invasive gene delivery models for the heart 
[64]. Developing such delivery models would also help resolve short span gene 
expression with modRNA delivery. Although transient gene delivery eliminates the 
risk of mutagenesis caused by protein overexpression, pulse-like expression of a 
gene might not be enough to induce substantial cardiac regenerative changes. Thus, 
the innovation of minimally invasive methods to deliver cardiac genes will mitigate 
the need for repeated modRNA transfections/injections to maintain effective 
protein levels for a longer but still controlled time period. As research on modRNA 
formulation and delivery rapidly accumulates, we are confident that modRNA 
therapy will soon become reality in the field of heart failure therapeutics.
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Chapter 22

Possibility of the  
Subcutaneous Implantable  
Cardioverter-Defibrillator 
for Prevention of Sudden 
Cardiac Death in Patients with 
Arrhythmogenic Right Ventricular 
Cardiomyopathy
Shingo Sasaki

Abstract

The EMBLEM™ entirely subcutaneous implantable cardioverter-defibrillator 
(S-ICD) system (Boston Scientific, Marlborough, Massachusetts, USA) was 
introduced as a new alternative to the conventional transvenous implantable 
cardioverter-defibrillator and has been expected to reduce device-related com-
plications, especially in young patients who require long-term lead placement. 
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a well-known 
hereditary disease recognized as a cause of sudden cardiac death (SCD) in young 
adults. However, the precise clinical role of S-ICD in patients with ARVC remains 
to be defined because of the low QRS amplitude of subcutaneous electrocardiogram 
(S-ECG) followed by the high incidence of inappropriate shock (IAS) delivery due 
to oversensing. It is well known that the sensing of S-ICD is largely dependent on 
the QRS/T ratio of S-ECG. The decrease in the QRS amplitude is more likely to lead 
to oversensing such as T wave or myopotential oversensing. In patients with ARVC, 
the decrease in the QRS amplitude due to degeneration of the right ventricular 
myocardium progresses overtime. In this chapter, we would like to discuss the 
usefulness of S-ICD lead repositioning for young adult patients with ARVC based 
on our experience of patients with IAS.

Keywords: arrhythmogenic right ventricular cardiomyopathy, subcutaneous 
implantable cardioverter-defibrillator, inappropriate shock, lead repositioning

1. Introduction

The EMBLEM™ entirely subcutaneous implantable cardioverter-defibrillator 
(S-ICD) system (Boston Scientific, Marlborough, Massachusetts, USA) has been 
used as a new alternative to the conventional transvenous implantable cardioverter-
defibrillator (TV-ICD). Recently, the PREATORIAN study has shown that S-ICD 
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is as useful as TV-ICD for prevention of sudden cardiac death (SCD), mainly in 
patients with ischemic cardiomyopathy [1]. Furthermore, the UNTOUCHED study 
also demonstrated that the inappropriate shock (IAS) rate in S-ICD-implanted 
patients with left ventricular ejection fraction (LVEF) ≤ 35% for primary preven-
tion was non-inferior to that in transvenous ICD (TV-ICD)-implanted patients with 
similar programming as in the high-rate cutoff and long-delay therapy groups in the 
MADIT-RIT [2, 3].

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a well-known 
hereditary disease recognized as a cause of SCD in young adults [4]. However, the 
usefulness of S-ICD in patients with ARVC has not been established because of the 
low QRS amplitude of subcutaneous electrocardiogram (S-ECG) followed by the high 
incidence of IAS due to oversensing [5, 6]. We recently reported the usefulness of 
S-ICD lead repositioning to avoid IAS in patients with ARVC [7]. In this chapter, we 
will discuss the effectiveness of S-ICD lead repositioning for young adult patients with 
ARVC based on our clinical experience of patients with IAS.

2. Characteristics and problems of S-ICD sensing in patients with ARVC

The S-ICD uses a far-field bipolar electrocardiogram detected between two 
electrodes of S-ICD lead, or between one of the two electrodes and pulse-generator. 
This far-field bipolar electrocardiogram is called as subcutaneous electrocardio-
gram (S-ECG) and is used for detection and discrimination of tachyarrhythmias 
in current S-ICD system. The S-ECG shows lower QRS amplitude (0.3–4.0 mV) 
compared to intracardiac ECG, and longer QRS duration with many low frequency 
components. Since the basic morphology of S-ECG resembles a body surface ECG, 
it is easily affected by P wave and T wave, and is also easily affected by changes 
in the QRS complex to T wave (QRS/T) ratio during exercise. And S-ECG has a 
potential risk of myopotential interference (MPI) in certain periodic movements.

It has been suggested that fatal events occurring before overt structural myo-
cardial changes in patients with ARVC may be caused by a primarily electrical 
mechanism as a consequence of the cross talk of genetically defective desmosomal 
proteins with the voltage-gated sodium channel complex, leading to reduced 
sodium currents and arrhythmogenic mechanisms similar to those in Brugada 
syndrome [8]. It has also been known that the phenotype of fatal arrhythmias in 
patients with ARVC is age-dependent. Older patients with advanced disease more 
often experience re-entrant ventricular tachycardia (VT) around a myocardial 
fibro-fatty scar, whereas young patients commonly experience sudden onsets of 
ventricular fibrillation (VF) reflecting acute electrical instability in the early phases 
of the disease. Furthermore, S-ICD has been reported to have fewer lead-related 
complications than TV-ICD [1], and is also useful in younger patients who require 
long-term lead placement. Therefore, S-ICD is expected to prevent SCD, especially 
in young patients with ARVC.

However, the precise clinical role of S-ICD in patients with ARVC remains to be 
defined. One reason is that S-ICD does not have a function of anti-tachycardia pac-
ing that is expected to be highly effective in terminating scar-related re-entrant VT, 
which is often observed in patients with ARVC. Another reason is that morphologi-
cal changes in S-ECG with age may lead to cardiac oversensing and IAS delivery. In 
an Italian multicenter registry, which enrolled 44 young ARVC patients undergoing 
S-ICD implantation (mean age of 37 years; mean LVEF of 53%; primary prevention 
of 59%), 6 (14%) experienced 8 IAS deliveries, consisting of 4 cardiac oversensing 
and 4 non-cardiac oversensing [5]. Furthermore, in a transatlantic cohort study [6], 
which enrolled 29 young ARVC patients undergoing S-ICD implantation (mean age 
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of 34 years, mean LVEF of 56%, primary prevention of 59%), 6 (21%) experienced 
39 IAS deliveries due to oversensing. These studies indicate a high incidence of IAS 
delivery in S-ICD-implanted ARVC patients, leading to a potential limitation of 
S-ICD use in these patients.

3. Usefulness of lead repositioning of S-ICD in patients with ARVC

The conventional S-ICD system that we are using to date was developed and 
evaluated in the initial study [9]. In that study, the substernal lead was placed 
parallel to and 1 to 2 cm to the left of the sternal midline, and the pulse generator 
was placed over the sixth rib between the midaxillary line and the anterior axillary 
line. And the distal sensing electrode was positioned adjacent to the manubri-
osternal junction, and the proximal sensing electrode was positioned adjacent to 
the xiphoid process. The final position of S-ICD system was determined by the 
defibrillation threshold or the effectiveness of defibrillation. Notably, the position-
ing of S-ICD system was guided exclusively by anatomical landmarks, thus no 
fluoroscopy was required.

Recently, we reported the usefulness of S-ICD lead repositioning to avoid IAS in 
young patients with ARVC [7]. The most important benefit of S-ICD lead reposi-
tioning is an improved S-ECG sensing due to changes in QRS amplitude of S-ECG. 
The sensing of S-ICD is largely dependent on QRS/T ratio of S-ECG, which is 
vulnerable to changes caused by physical activities or the progression of underlying 
heart diseases. It has been well known that the decrease in QRS amplitude of S-ECG 
due to degeneration of the right ventricular myocardium progresses overtime in 
ARVC patients. Figure 1 shows ECG examples of a patient with ARVC in whom a 
decrease in QRS amplitude of surface ECG was confirmed over time. Of note, such 
changes in QRS amplitude were reflected more clearly in S-ECG compared with 
surface ECG. In such patients, S-ICD has a potential risk of IAS due to oversensing.

The SMART pass technology (SP) is a high-pass filter which enables to avoid 
sensing below 9 Hz and is expected to decrease IAS due to cardiac oversensing 
[10]. However, the decrease in QRS amplitude is more likely to lead to cardiac and 

Figure 1. 
Comparison of changes over time between body surface electrocardiogram and subcutaneous electrocardiogram 
(S-ECG). (a) Comparison of body surface ECG over time. The QRS amplitude decreases slightly over time 
in bipolar limb leads. (b) Comparison of S-ECG over time in the supine position. S-ECG was detected by 
alternate sensing vector with same detection sensitivity. The QRS amplitude of S-ECG decreases over time.
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Figure 2. 
Subcutaneous electrocardiogram (S-ECG) at inappropriate shock (IAS) deliveries. (a) S-ECG during the 
first IAS. The first IAS occurred when the patient was wiping his hair with a towel after bathing. The S-ICD 
was set to use the primary sensing vector at the time of IAS, and the Smart pass (SP) algorithm turned 
off automatically due to attenuated QRS amplitude. (b) S-ECG during the second IAS. The sensing vector 
was changed to alternate vector based on the results of exercise test. The IAS occurred when the patient was 
operating the smartphone in the left lateral position. Same as the first IAS, the SP algorithm turned off 
automatically due to attenuated QRS amplitude. (c) S-ECG during the third IAS. The IAS occurred when the 
patient was resting on the bed. The SP algorithm could not avoid IAS due to high-frequency MPI.

non-cardiac oversensing such as T wave or MPI, even if the SP is working properly. 
The SP can be set-up manually or automatically, but QRS amplitude of S-ECG is 
required to be higher than 0.5 mV. Furthermore, the SP is automatically terminated 
when there is no cardiac sensing for 10 seconds or when QRS amplitude of S-ECG 
decreases under 0.25 mV for 1.4 seconds or more. Therefore, there is a limitation to 
avoid IAS due to oversensing by SP alone in ARVC patients. For these reasons, lead 
repositioning of S-ICD can be a useful alternative to prevention of IAS in ARVC 
patients, even though the SP has been already activated.

4. Clinical practice of S-ICD lead repositioning in patients with ARVC

The potential efficacy of lead repositioning can be estimated by preoperative 
screening test. If two or more vectors do not pass the screening test, other sens-
ing vectors suitable for S-ICD sensing must be searched and lead repositioning or 
movement of the pulse generator, or both may be required.

Here is an example of S-ICD lead repositioning. The patient was a 17-year-old  
man who developed VF and was resuscitated by an automated external defibril-
lator. He was diagnosed with ARVC based on the task force criteria [11] and 
underwent S-ICD implantation for secondary prevention of SCD. Alternate 
vector was selected for S-ICD sensing by exercise tests after S-ICD implanta-
tion, and the SP algorithm was activated. Six months later, an emergency alert 
was transmitted via remote monitoring to notify the occurrence of the event 
just before the shock delivery. A close examination immediately after the alert 
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confirmed a decrease in QRS amplitude of S-ECG over time (Figure 1), and we 
changed sensing vector from the alternate vector to the primary vector. Seven 
months after the change of S-ICD sensing vector, the patient experienced a 
first IAS delivery. The S-ICD was set to use the primary sensing vector at the 
time of IAS, and the SP was turned off automatically due to attenuated QRS 
amplitude. S-ECG showed MPI that led to IAS delivery due to oversensing. After 
the changing the sensing vector to the alternate one, the patient had repeated 
IAS deliveries and eventually experienced IAS deliveries in all sensing vectors 
(Figure 2). Therefore, we performed an automated screening test (AST) on 
surface ECG again with a different electrode position. We performed an AST by 
moving the distal electrode approximately one intercostal space downward, and 
the proximal electrode was moved to the left, so that left ventricular electrocar-
diogram was more reflected on S-ECG. As a result, the QRS amplitude of S-ECG 
increased in 2 out of 3 sensing vectors and passed the AST. Thus, we performed 
repositioning of S-ICD lead under fluoroscopy (Figure 3). After repositioning 
of the S-ICD lead, the QRS amplitude of S-ECG increased and 2 (secondary and 
alternate sensing vectors) out of 3 vectors were suitable for S-ECG sensing, and 
there was no IAS for 15 months thereafter.

5. Limitation and future perspectives

As we described in the previous chapter, repositioning of the S-ICD lead to 
the lower left creates a new sensing vector that reflects more electrocardiograms 
of ventricular septum and left ventricle (Figure 4). Improved S-ECG sensing by 
the repositioning of the lead may be useful for patients not only with hereditary 
degenerative disease of the right ventricular myocardium such as ARVC, but 
also with acquired right ventricular myocardial damage such as right ventricular 
myocardial infarction. However, a concern in the method used in our case was that 
repositioned electrodes, especially the proximal electrode that was directly above or 
near the pectoralis major muscle, would be more vulnerable to MPI. Certainly, even 
after repositioning, slight MPI was observed in some sensing vectors, but it was 
possible to avoid MPI by selecting the optimal sensing vector based on the results of 
treadmill or other exercise test [12]. Furthermore, substernal tunneling method in 

Figure 3. 
Comparison of fluoroscopic images before and after lead repositioning and changes in S-ECG. The previously 
implanted S-ICD lead was placed at standard position based on the result of AST (a) This lead was moved 
to the lower left and QRS amplitude of S-ECG increased in 2 (secondary and alternate) out of 3 sensing 
vectors (b).
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which the distal electrode is placed on the sternum may also be useful for avoiding 
IAS due to MPI (Figures 5 and 6). More experiences and long-term follow-up may 
be necessary in order to establish the usefulness of the S-ICD lead repositioning in 
patients with ARVC. Further studies are clearly warranted.

Figure 4. 
Computed tomographic images after lead repositioning. It can be seen that the sensing vector between the 
repositioned proximal electrode and pulse generator is mediated by more left ventricular myocardium than 
the previously implanted proximal electrode position. The electrode position of previous implanted lead is 
illustrated based on previously captured CT image.

Figure 5. 
Method of substernal tunneling during lead repositioning. The tunneling method is shown in the order of  
(a to d) At first, the tip of the insertion tool was inserted diagonally to the right, and then gradually advance 
it toward cranial direction (a, b) After the tunneling tool was fully inserted, the lead was inserted into the 
introducer sheath as much as possible with two-incision technique (c) After peeling off the sheath, the lead was 
pulled back and placed at the pre-planned position (d).
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Figure 6. 
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