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Preface

More than 50 years ago, in 1957, Bridgen the word “cardiomyopathy” has been used for
the first time. One year later, Teare described nine cases of interventricular septal hyper‐
trophy. In this book the broad aspects of cardiomyopathies are fully developed by re‐
nowned specialists. The book is divided in five sections – Cardiomyopathies - general
aspects; pathophysiology and molecular mechanisms; genetics; sudden death and cardi‐
omyopathies in special populations.

The disease of the heart muscle may develop secondarily to other cardiac alterations,
such as ischemic, hypertensive, valvular and systemic, among others. However, there is
also a group of conditions with intrinsic myocardial involvement of genetic or multifac‐
torial etiology, characterized by high morbidity and mortality that represent a diagnos‐
tic and therapeutic challenge for the physician.

Cardiomyopathy (primary) is defined as a disease of the myocardium, which results in
insufficient pumping of the heart. It is classified into four forms; dilated cardiomyop‐
athy, hypertrophic cardiomyopathy, restrictive cardiomyopathy, and arrhythmogenic
right ventricular cardiomyopathy.

The book is focused on these forms, its features, its pathophysiology, and its relationship
to sudden death. Mention is made also on general aspects, like ecocardiographic find‐
ings and myocardial contractile reserve, specific as pathophysiology and molecular
mechanisms. Special attention is deserved to cardiomyopathies in special populations,
like pediatrics, diabetic patients, and women, as well as to cases of chronic heart failure
and dilated cardiomyopathy.

Cardiomyopathies are characterized by extensive remodeling of the myocardium mani‐
fested as hypertrophy, due to enlarged myocyte size and interstitial fibrosis. With the
progression of the disease, the heart turns to a dilated state, with increase of the intra‐
ventricular volume and a mild increase in ventricular wall thickness. These changes, ap‐
parently compensatory, ultimately become maladaptive.

Dilated cardiomyopathy is one of the most common types of cardiomyopathy world‐
wide. It is characterized by progressive chamber dilatation and myocardial systolic dys‐
function and diagnosed by left ventricular enlargement and impaired systolic left
ventricular function.

Regarding diagnosis, echocardiography is the most frequently used and readily availa‐
ble cardiac imaging technique. It has been established as the cardiac imaging modality
of choice in diagnosis and longitudinal follow up of patients with cardiomyopathy.



In most patients suffering from cardiomyopathy and heart failure, symptoms are not
present at rest but become evident with exercise. As said, the test universally used is
echocardiography, but it is generally performed under resting conditions and left ven‐
tricular contractile function at rest is not reliable for the evaluation of the reversibility of
myocardial contraction, that is contractile reserve. For this reason, it is important to eval‐
uate functional response also under dynamic conditions by the use of pharmacological
and/or exercise stress. Also, the prognostic value of dobutamine- and pacing- induced
mechanical alterations in outpatients with idiopathic dilated cardiomyopathy and se‐
vere heart failure is discussed, with respect to clinical conditions and mechanisms of de‐
velopment.

In this connection, left ventricular twist is indispensable for proper left ventricular func‐
tion. It originates from the dynamic interaction between oppositely wound subepicar‐
dial and subendocardial myocardial fibers. The direction of left ventricular twist is
governed by the subepicardial fibers, mainly owing to their longer arm of movement.
Measurement of left ventricular rotation by echocardiography has only recently become
clinically feasible with the development of speckle tracking echocardiography. It has be‐
come clear that increased left ventricular twist, for example in hypertrophic cardiomy‐
opathy, diabetes, and in healthy ageing population, may serve as a compensatory
mechanism to preserve ejection fraction.

Also, it is emphasized that measurement of left ventricular untwisting may become an
important element of diastolic function evaluation in cardiomyopathies.

Since 20 years, several mutations in genes encoding sarcomeric proteins have been cau‐
sally linked to cardiomyopathies. There is a long list of affected sarcomeric proteins of
striated muscles. Some selected proteins are described as to the molecular structure of
their genes, as well as a comprehensive and up-to-date listing of the mutations that have
been identified and directly linked to the development of cardiomyopathies is provided.

Most cardiomyopathies with primary myocardial pathology predispose to sudden car‐
diac death, especially in younger subjects. Although they account for a small fraction of
population, a subset of these patients are at high risk and this justifies an aggressive pre‐
ventive strategy. These include dilated cardiomyopathy, hypertrophic cardiomyopathy,
left ventricular non-compaction and arrhythmogenic right ventricular cardiomyopathy.
Sarcoidosis is a rare form of cardiomyopathy that affects young patients and put them at
risk of sudden cardiac death. Early recognition and treatment of all these disease is man‐
datory. Regarding diagnosis, 123I-MIBG scintigraphy to evaluate myocardial sympa‐
thetic nerve activity may be useful in risk stratification of the risk of sudden death in
heart failure patients without sustained VT and a history of ventricular fibrillation and
dilated cardiomyopathy.

Implantable defibrillator therapy has emerged as the most important management strat‐
egy for prevention of sudden death in patients with cardiomyopathy. Whilst the use of
beta-blocker therapy, angiotensin-converting enzyme inhibitors, angiotensin receptor
blockers, as well as aldosterone antagonists have been shown to decrease the risk of sud‐
den cardiac death especially in in patients with congestive heart failure.

Heart failure in women has a distinct phenotype; develops later in life, generally
presents with preserved systolic function and it is less attributable to ischemic heart dis‐
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ease. In many women, an important event in heart failure is due to poor venous return
resulting from inadequate calf muscle pump activity during upright posture. This ex‐
plains that while women survival rate with heart failure is better, their quality of life
with heart failure is far worse.

As shown, the broad spectrum of new aspects of "Cardiomyopathies" are developed in
this book, with the hope to be useful to cardiologists.

Prof. Dr. José Milei
Director del Instituto de Investigaciones Cardiológicas

"Prof. Dr. Alberto C. Taquini"- UBA- CONICET (ININCA)

Prof. Giuseppe Ambrosio
Director of Cardiology

University of Perugia School of Medicine
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Section 1

Cardiomyopathies - General Aspects





Chapter 1

Echocardiography Findings in Common Primary and
Secondary Cardiomyopathies

Gohar Jamil, Ahmed Abbas, Abdullah Shehab and
Anwer Qureshi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55036

1. Introduction

Cardiomyopathy is a heterogeneous group of disorders of varying etiology. Heart failure from
systolic and/or diastolic cardiac dysfunction is common to all. Certain disorders are distin‐
guished by life threatening arrhythmia. Onset of symptoms may be acute or progress from
preclinical to symptomatic state over time and at a variable rate. Early recognition permits
therapeutic intervention thereby retarding clinical progression and in some reversal or arrest
of pathologic state. Echocardiography being the most frequently used and readily available
cardiac imaging technique has established itself as the cardiac imaging modality of choice in
diagnosis and longitudinal follow up of patients with cardiomyopathy. Complementary
information from other imaging techniques, e.g., tissue characterization with cardiac MRI in
iron overload states and evaluation of coronary anatomy with cardiac CT as in some cases of
dilated cardiomyopathy, usually follows recognition of cardiomyopathy on echocardiogram.

An understanding of conventional echocardiogram and knowledge of novel applications of
existing methods and emerging imaging echo techniques is important for effective clinical use
of echocardiography.

1.1. Standard 2-D and M-mode echocardiogram

Standard echocardiogram includes analysis of myocardial and valvular structure, chamber
quantification and estimation of function based on qualitative assessment and quantification
by 2-D and M-mode echocardiography. Blood flow dynamics through different cardiac
chambers and heart valves is assessed using spectral and color Doppler methods. Through
prior work, pressure gradient across heart valves can be derived from measured flow velocity
by using the modified Bernoulli equation (4V2); flow velocity is directly measured from

© 2013 Jamil et al.; licensee InTech. This is an open access article 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.



spectral Doppler display. Color Doppler techniques are useful in analyzing regurgitant valve
lesions and in drawing attention to turbulent flow through stenotic valves as well as abnormal
flow between cardiac chambers as in cases of atrial or ventricular septal defect.

1.2. Three Dimensional Echocardiography (3DE)

In patients with adequate imaging window, 3DE provides more accurate chamber quantifi‐
cation (Figure-1). Left ventricular end-diastolic and end-systolic volumes derived from 3DE
has been validated against cardiac MRI [1], which is the current reference standard for such
measurements. In routine clinical practice important use of 3DE derived chamber quantifica‐
tion is in establishing an accurate baseline, and in longitudinal follow up of patients. In addition
to chamber quantification and determination of global left ventricular function, automated
quantification also permits contractile assessment at regional and segmental level. The
graphical display of this contractile information is plotted as segmental change in volume over
time. Discrepant timing of this segmental volume change over time has been used to assess
left ventricular dyssynchrony as that seen in patients with left bundle branch block (LBBB)
pattern on ECG (Figure-1). However, concerns with reproducibility in patients with low left
ventricular ejection fraction have compromised the diagnostic utility of this parameter in
selecting patients for cardiac resynchronization therapy [2].

Figure 1. Panel-A: 3D data set of the heart is automatically cropped to display a 4-chamber and 2-chamber (not
shown) projection of the heart. Left ventricular volume is tracked in end-diastole and end-systole from which volumet‐
ric LVEF is calculated. In panel-C segmental model of the heart is displayed. Each segment is color coded. Graphical
display of the volume (y-axis) change over time (x-axis) is shown in panels-B and D. Each colored line corresponds to a
segment of similar color in panel-C. In a normal heart all segments reach a minimum volume at the same time (panel-
B). In panel-D there is a disarray of this time-volume curve signifying left ventricular dyssynchrony.

Cardiomyopathies4



1.3. Doppler tissue velocity and doppler strain

Modification of the spectral tissue Doppler technique with filters that display high amplitude
and low velocity signal permits segmental interrogation of myocardium for both systolic and
diastolic function. Tissue Doppler at the mitral annulus level has long been used to assess
myocardial diastolic function. Reversal of high early diastolic velocity (E’) with diastolic
velocity coinciding with atrial systole (A’) is a flow independent marker of diastolic impair‐
ment. An elevated ratio of early mitral inflow Doppler velocity (E) with early tissue Doppler
velocity (E’) is considered a reliable sign of elevated left ventricular end diastolic pressure [3-4].

Color encoded display of myocardial velocities on a 2-D image of the LV permits parametric
assessment of myocardial contraction and Doppler based interrogation of multiple myocardial
segments in the same frame. The latter is used for estimation of myocardial velocity and strain
(Figure-2). Myocardial velocity in the long axis determines myocardial displacement, which
may be active contraction or passive motion from contraction of adjacent segments [5]. Hence,
its usefulness is limited when assessing segmental function. On the other hand, Doppler-
derived longitudinal and circumferential strain measures segmental myocardial lengthening
or shortening (deformation), signifying active contraction of the interrogated segment [5].
Strain is a dimensionless index (change in length/original length) of myocardial mechanics.
The technique has been used for determination of cardiomyopathy in hereditary conditions,

Figure 2. Color tissue Doppler derived tissue velocity (panel-A) and longitudinal strain (panel-B) is shown. Basal infero‐
septum and lateral walls are interrogated. Panel-A: time (x-axis) to peak systolic tissue velocity (y-axis) measured from
the onset of QRS (ECG displayed at the bottom of each panel in green color) of inferoseptum (red) is delayed when
compared to the lateral wall (yellow). This signifies dyssynchrony. Longitudinal strain is shown in panel-B. Inferosep‐
tum timing is again delayed. Note, however, that peak strain (strain is a negative value when measured in the long
axis of the heart due to compression/shortening of the interrogated segment in systole) of inferoseptum is decreased
signifying contractile dysfunction.

Echocardiography Findings in Common Primary and Secondary Cardiomyopathies
http://dx.doi.org/10.5772/55036
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in differentiation of physiologic hypertrophy in elite athletes from pathologic variants [6, 23],
in assessment of myocardial dyssynchrony [7], and in differentiating constrictive from
restrictive physiology.

1.4. 2D or speckle strain and LV torsion

Doppler-based strain imaging is limited by angle dependency [8]. Innovation in imaging
hardware and software now permit tissue-based measurement of segmental, regional and
global myocardial function by determining tissue strain and torsion (Figure-3). The technique
relies on good 2-D image quality for tracking tissue characteristics, termed “speckles”, in
regions of interest on a 2-D image through the entire cardiac cycle. To improve spatial
resolution, image acquisition is performed at a slower frame rate contrasting with higher frame
rate of Doppler-based techniques [9]. This may influence the accuracy of time dependent
measurement of myocardial function as in milder forms of left ventricular dyssynchrony.
Potentially valuable clinical information can be derived from speckle strain in a variety of
cardiac disorders, including asymptomatic stages of cardiomyopathy [9].

Figure 3. Speckle strain measurement inlongitudinal and radial direction is performed.In Panel-A, longitudinal strain is
determinedat multiple levels from base to apex. Because contraction in longitudinal direction results in fiber shorten‐
ing, strain values are negative. Segmental impairment of longitudinalstrain or contractility is present. In panel-B radial
strain is depicted as a positive value due to fiber lengthening radially in systole. All segments at this level show normal
contractility.LV torsion can be determined from the same data set.

Cardiomyopathies6



Ratio of basal clockwise rotation to apical counterclockwise when viewed from the apex is
as a measure of left ventricle twist or torsion. It is produced by contraction of helically ori‐
ented myofibers. Left ventricle torsion is affected in both systolic and diastolic myocardial
dysfunction. When compared to a normal population, left ventricle torsion is decreased in
dilated cardiomyopathy and increased in patients with hypertrophic cardiomyopathy [10].

2. Echo findings in cardiomyopathies

For this review a modification of 1995 World Health Organization /International Society and
Federation of Cardiology (WHO/ISFC) Task Force on the Definition and Classification of
Cardiomyopathies [11] and 2006 American Heart Association classification of cardiomyo‐
pathic disorders [12] is used. Discussion on echocardiographic findings will be limited to more
frequently encountered disorders and to conditions with unique echo features.

2.1. Modified classification of primary and secondary cardiomyopathies

i. Genetic:

• Hypertrophic cardiomyopathy (HCM)

• Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D)

• Left ventricular non compaction (LVNC)

ii. Mixed (pre-dominantly non genetic):

• Dilated cardiomyopathy (DCM)

• Restrictive cardiomyopathy (non hypertrophied and non dilated) (RCM)

iii. Acquired Primary and Secondary Cardiomyopathy:

• Inflammatory myocarditis

• Stress provoked (takotsubo cardiomyopathy)

• Peripartum cardiomyopathy

• Tachycardia induced cardiomyopathy

• Ischemic cardiomyopathy

• Valvular cardiomyopathy

• Hypertensive cardiomyopathy

• Metabolic cardiomyopathy including amyloidosis and hemochromatosis

• Toxic cardiomyopathy: Alcohol and anthracyclines

• Connective Tissue Disorders: RA, SLE, PAN, scleroderma

Echocardiography Findings in Common Primary and Secondary Cardiomyopathies
http://dx.doi.org/10.5772/55036
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• Muscular dystrophies: Duchenne, Becker-type and myotonic dystrophy

• Neuromuscular disorder: Friedreich’s ataxia, Noonan’s syndrome and lentiginosis

3. Genetic cardiomyopathies

Echocardiography remains the cornerstone for the detection and longitudinal follow up of
patients with genetic cardiomyopathy. Inherited cardiomyopathies may have autosomal
dominant pattern of inheritance. As such, surveillance echocardiogram of asymptomatic
family members may allow early detection and life saving therapeutic intervention.

3.1. Hypertrophic Cardiomyopathy (HCM)

3.1.1. Introduction

HCM is the most frequently encountered inherited cardiomyopathy. Echocardiography plays
a central role in diagnosis of HCM and in elucidating the pathophysiology of this disorder.

3.1.2. Features of HCM on standard echocardiogram:

Key diagnostic features of HCM are apparent on standard echocardiogram and are described
below.

Distribution of left ventricular hypertrophy:

Several morphologic variants are known. Asymmetrical septal hypertrophy is the most
frequently encountered (Figure-4). Hypertrophy of more than one region of left ventricular
wall and at times of right ventricular wall is also seen. In the apical variant of HCM, myocardial
hypertrophy is confined to the apical region of the left ventricle. This type is more frequently
encountered in non-Caucasians.

Diagnostic criteria of Asymmetrical Septal Hypertrophy (ASH):

Septal thickness of >15 mm and a septal to posterior free wall ratio (interventricular septum/
posterior wall ratio) >1.3 are established echocardiographic criteria for the diagnosis of ASH
[12]. However asymmetric left ventricular hypertrophy by itself is not pathognomonic of HCM
as it may be encountered in a variety of congenital or acquired conditions, including systemic
hypertension, aortic stenosis and cardiac amyloidosis [14].

Left ventricular function:

Systolic function is usually normal or above normal. Despite preservation of global left
ventricular function [15], significant impairment of longitudinal contractile function is present
with attenuation of annular velocities, longitudinal strain and strain rate (see below) [16].
Progressive myocardial fibrosis in advanced disease state is associated with impairment of
systolic function, segmental myocardial thinning and left ventricle cavity enlargement [17].
Given myocardial characteristics, impaired myocardial relaxation is frequently observed [18].

Cardiomyopathies8



Echo methods of estimating left ventricular end-diastolic pressure (E/E’ ratio) show hetero‐

geneity and lack specificity in HCM [19].

Systolic Anterior Motion (SAM) of mitral valve:

Systolic anterior motion of the anterior mitral leaflet with or without obstruction to flow across

the left ventricular outflow tract is highly suggestive of HCM (Figure-4). This finding has a

specificity of > 90% [20]. Of note, SAM may also be encountered in hypercontractile states,

following mitral valve repair, with anomalous papillary muscle insertion, in patients with

anteroapical infarction, in takotsubo cardiomyopathy who have hyperkinesia of basal left

ventricular segment and in elderly women with left ventricular hypertrophy and sigmoid shaped

septum [21].

Figure 4. In panel A marked asymmetric septal hypertrophy (ASH) is noted (asterisk) in parasternal long axis display.
Systolic anterior motion (SAM) of the mitral valve is seen in panel B (arrow). Turbulence of blood flow through the left
ventricular outflow tract (LVOT) associated with posteriorly directed mitral regurgitation due to LVOT obstruction
from SAM is present (panel C). Spectral Doppler through the LVOT confirms LVOT obstruction with a late peaking gra‐
dient of 60 mmHg (panel D). In this example Valsalva maneuver was used to confirm dynamic LVOT obstruction.

Echocardiography Findings in Common Primary and Secondary Cardiomyopathies
http://dx.doi.org/10.5772/55036
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3.1.3. Tissue doppler imaging and speckle strain

Tissue Doppler and 2-D speckle techniques demonstrate impaired longitudinal velocity and
strain even in non-hypertrophied myocardial segments. These indices of longitudinal fiber
function are abnormal in inherited HCM even prior to grossly manifest left ventricular
hypertrophy. The degree of functional impairment by these measures correlates with clinical
outcome [22]. Furthermore, differentiation between pathologic and physiologic left ventricular
hypertrophy is possible by documenting preserved longitudinal function in the latter which
is impaired in HCM even when global left ventricular function is normal [23].

3.1.4. Three dimensional echo

A more accurate assessment of left ventricle mass and chamber volumes is made possible by
3DE. The clinical impact of this in routine clinical care is less apparent.

3.2. Arrhythmogenic right ventricular cardiomyopathy/dysplasia

3.2.1. Introduction

Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/D) is a genetic cardiomy‐
opathy with autosomal dominant inheritance. However, phenotypes with cutaneous manifesta‐
tions have autosomal recessive inheritance. The disorder is pathologically characterized by
fibrofatty infiltration of the right ventricle (RV) wall. In early stages, dysplasia is localized,
affecting the RV inflow, RV outflow or RV apex. Progression to diffuse form is common. Clinical
manifestation is with ventricular arrhythmias and RV systolic dysfunction [24-25].

3.2.2. Echo diagnosis of ARVC/D

Morphological and functional changes affecting the RV are divided into major and minor
diagnostic  criteria.  In  the proposed revision of  ARVC/D task force document [26],  right
ventricle outflow tract (RVOT) long axis dimension of ≥ 32 mm (sensitivity/specificity: 75%
and 95%, respectively), RVOT short axis dimension of ≥ 36 mm (sensitivity/specificity: 62%
and 95%, respectively) and RV fractional area change of ≤33% (sensitivity/specificity: 55%
and 95%, respectively) are considered as major criteria for the diagnosis of ARVC/D. Minor
echo criteria are RVOT long axis dimension of ≥ 29 mm (sensitivity/specificity:  87% and
87%, respectively), RVOT short axis dimension of ≥ 32 mm (sensitivity/specificity: 80% and
80%, respectively) and RV fractional area change of ≤40% (sensitivity/specificity: 76% and
76%, respectively) [26].  Of interest,  diastolic dimensions of the RV taken from the apical
four-chamber view were least commonly enlarged [27]. Regional wall motion abnormali‐
ty  of  the  apex  and  anterior  wall  is  seen  in  approximately  70%  of  patients  [27].  Other
frequent  morphologic  abnormality  include  trabecular  derangement,  occurring  in  54%,
hyper-reflective  moderator  band  in  34%  and  sacculations  of  RV  free  wall  in  17%  [27].
Given its  predominant  autosomal  dominant  inheritance  screening of  family  members  is
recommended.

Cardiomyopathies10



3.3. Left ventricular non-compaction

3.3.1. Introduction

Left ventricular non-compaction (LVNC) is a distinct cardiomyopathy resulting from arrest of
fetal development of the heart [28]. This leads to altered myocardial architecture that is seen
as a two layered myocardium with a thin, compacted epicardial layer and a thick, non-
compacted endocardial region (Figure-5). The non-compacted myocardial region is comprised
of prominent trabeculations and deep intertrabecular recesses that directly communicate with
the left ventricular cavity [29-30].The condition may present without any associated cardiac
malformation and is then labeled isolated left ventricular non compaction (LVNC). Non
compacted myocardium is also seen in conjunction with other cardiac abnormalities including
cyanotic congenital heart disease, Ebstein’s anomaly and other cardiomyopathies. Clinical
presentation in LVNC is seen with congestive heart failure, ventricular arrhythmia and
systemic thromboembolism.

Figure 5. Marked trabeculation of LV myocardium is seen in the apical and inferolateral distribution (panel A) in this
off axis projection of apical long axis of the heart. Ratio of non comapcted to compacted myocardium is consistent
with the diagnosis of left ventricular non-compaction. Communication of deep intertrabecular recesses with LV cavity
is noted on color Doppler (panel B) and following administration of echo contrast (panel C). Visual appearance of the
non compacted myocardium is also enhanced following echo contrast.

3.3.2. Diagnostic criteria on cardiac imaging

Trabeculation in the left ventricle wall is seen even in healthy volunteers. To separate benign
left ventricular trabeculation from pathological LVNC following diagnostic criteria is pro‐
posed.

• Echocardiogram: ratio of non-compacted to compacted myocardium in end-systole of > 2:1
[31]

• Cardiac MRI: ratio of non-compacted to compacted myocardium in end-diastole of > 2.3:1
[32]

Echocardiography Findings in Common Primary and Secondary Cardiomyopathies
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The most frequently involved segments are apical, followed by the inferior and lateral mid-
segments. Severity and distribution of non compacted segment is better appreciated with use
of contrast echo.

Left ventricle contractile abnormality is present in patients with LVNC. The spectrum of
myocardial function may range from normal to severe systolic dysfunction. Documentation
of direct flow from ventricular cavity into inter-trabecular recesses either with color Doppler
technique or following use of echo contrast is helpful in differentiating LVNC from other apical
echocardiographic abnormalities such as apical hypertrophic cardiomyopathy and apical
mural thrombus [31]. Information from 3DE is also helpful in identifying the extent of LVNC
[33]. Screening of family members is advised.

4. Mixed genetic and non genetic cardiomyopathy

4.1. Dilated Cardiomyopathy (DCM)

4.1.1. Introduction

The prevalence of idiopathic dilated cardiomyopathy is not well understood but an estimate
in the USA is ∼40 per 100 000 persons [34]. DCM is the most common cardiomyopathy,
accounting for 60% of all primary cardiomyopathies [35] and is a leading cause of heart failure
and arrhythmia. Familial and sporadic forms of DCM are well described. Genetic factors are
important, with 20% of cases having a familial basis with an autosomal dominant inheritance
[36]. This has important implications for screening of first-degree relatives.

4.1.2. Features of DCM on standard echocardiogram

Wall motion abnormalities: Wall motion abnormality is global as opposed to regional
abnormalities in ischemic cardiomyopathy. However, some regional variation in myocardial
contractility may be encountered. Preservation of contractile function of basal inferolateral
segment is not infrequent. Due to these overlapping features, ischemic cardiomyopathy should
be conclusively excluded when appropriate.

Cardiac Chamber Enlargement: Left ventricular (LV) cavity enlargement and systolic
dysfunction in the absence of valvular or ischemic heart disease are key diagnostic features of
DCM. Dilatation of both left and right ventricles is encountered. Left ventricular cavity
assumes a spherical shape in advanced cases (Figure-6). Chamber quantification is preferred
over visual estimation for serial comparison. In addition to linear cavity dimension, which is
increased in DCM, calculation of left ventricle volume and systolic function derived from
modified biplane Simpson’s method is recommended.

Low Flow State: Consequent to sluggish blood flow velocity, patients are at risk of developing
LV mural thrombus. Low circulatory state can be appreciated by spontaneous echo contrast
in left ventricle and by an increase in separation of mitral valve E point to ventricular septum
and partial opening and early closure of aortic valve in systole. The latter is particularly

Cardiomyopathies12



important, as aortic stenosis may be overestimated on 2D echo (pseudo aortic stenosis) and
underestimated by Doppler (low-gradient aortic stenosis) due to low flow state. Contractile
augmentation with dobutamine is helpful in clarification in such situations [64].

Secondary Mitral Regurgitation: Altered mitral valve geometry from progressive LV cavity
enlargement will lead to mitral regurgitation, which may be severe in advanced cases [37].
Presence of mitral regurgitation predicts poor outcome [38].

Diastolic Dysfunction: Presence of diastolic abnormality is established by Doppler interrog‐
ation of mitral inflow and mitral annular velocities. Severity of diastolic abnormality may be
insightful and partly explanatory for the frequently observed discordance between degree of
LV systolic dysfunction and severity of clinical symptoms. Patients with earlier stage of
diastolic abnormality are less symptomatic when compared to those with more advanced
diastolic dysfunction. Reduction in effective diastolic filling period is reflected by fusion of
mitral diastolic E-wave and A-wave (Figure-6).

Figure 6. Apical four chamber view shows a dilated LV cavity with a spherical appearance. RV cavity is normal in this
example. Pulse-wave Doppler at mitral leaflet tip shows fusion of diastolic E and A waves. Latter is a reflection of re‐
duced diastolic filling period.

Right Ventricular (RV) Function: RV enlargement to a similar degree as the LV is associated
with poor outcome [39]. RV systolic function can be measured by fractional area change or by
tricuspid annular plane systolic excursion (TAPSE) [40]. TAPSE < 14 mm is associated with
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adverse prognosis [41]. In another study, 3DE derived measurement of RV volume and
function was superior to conventional method [42].

4.1.3. Novel echo techniques

Routine use of Doppler-derived strain and 2D strain may have limited application in clinically
manifest disease. Application of these techniques in preclinical state and in asymptomatic
family members with inherited type of DCM may identify at risk subset of patients. Observa‐
tion of intersegmental discordance in the timing of strain measures, particularly those of
opposing segments identify a subset of DCM patients with LV dyssynchrony, who may benefit
from cardiac resynchronization therapy.

4.2. Restrictive cardiomyopathy (non-hypertrophied and non-dilated)

4.2.1. Introduction

Primary restrictive cardiomyopathy (RCM) predominantly affects the elderly, with a slight
female predominance [43]. Clinical presentation is with signs and symptoms of systemic and
pulmonary venous congestion from diastolic heart failure and pulmonary HTN [43]. As
opposed to other types of primary cardiomyopathies which have distinctive morphologic
abnormalities, the diagnosis of RCM is largely dependent on an altered physiology of blood
flow through the heart consequent to a non compliant ventricle. The condition has no distinc‐
tive histologic features [44]. RCM should be distinguished from infiltrative disorders of the
heart where, in addition to restrictive physiology which may be indistinguishable from RCM,
distinctive morphologic and histopathologic changes are present. Amyloid heart disease and
endomyocardial fibrosis are typical examples of the latter.

4.2.2. Features of RCM on standard echocardiogram

Left ventricle (LV) appearance and contractility is usually normal. LV cavity size may be small.
Biatrial enlargement in the absence of significant regurgitation of mitral and tricuspid valves
or atrial fibrillation and with normal LV kinetics in patients with signs and symptoms of heart
failure should prompt consideration of RCM (Figure-7). Impaired diastolic relaxation of the
LV is encountered but a key diagnostic feature is the presence of restrictive physiology on
Doppler as evidenced by an increase in E:A ratio >2 with rapid deceleration of early mitral
inflow (E) velocity, usually to < 150 msec (Figure-7) [45]. This, in conjunction with reduced
early mitral annular velocity (E’) and elevated E/E’ ratio, is confirmatory of elevated left
ventricular end diastolic pressure (LVEDP). Reduced E’ velocity, reflecting underlying
myocardial disease, is useful in distinguishing RCM from constrictive pericarditis where
mitral annular velocities are preserved [46-47]. Deformation of the LV on 2D speckle strain is
constrained in the circumferential direction in constrictive pericarditis and in the longitudinal
direction in RCM [48]. Flow propagation velocity on color M-mode of mitral inflow can
provide additional insight into diastolic dysfunction of RCM.
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Figure 7. Morphologic and functional abnormality in restrictive cardiomyopathy is represented in this example. There
is biatrial enlargement on apical four chamber view (panel A). Restrictive diastolic filling abnormality (E: A ratio of > 2
with rapid deceleration of early mitral inflow velocity) by Doppler is noted (panel B).

5. Acquired primary and secondary cardiomyopathy

For the purpose of this review, discussion will be limited to key features of commonly
encountered acquired cardiomyopathy.

5.1. Inflammatory myocarditis

Inflammatory cardiomyopathy is defined by myocarditis in association with cardiac dysfunc‐
tion [11]. Idiopathic, autoimmune, and infectious forms of inflammatory cardiomyopathy are
recognized [11]. Echo findings are of non-specific LV cavity dilatation associated with global
LV dysfunction similar to that seen in idiopathic dilated cardiomyopathy. Regional variation
in LV contractility is not infrequently encountered.

5.2. Takotsubo cardiomyopathy (stress cardiomyopathy)

A transient and reversible cardiomyopathy first reported in Japan by Dote, et al., in 1991 [49].
Clinical presentation may be indistinguishable from acute coronary syndrome, invariably
necessitating coronary angiography for exclusion of obstructive coronary artery disease.
Prevalence is about 1-2% of patients undergoing coronary angiography for acute coronary
syndrome. A precipitating emotional or physical stressor is typical. Complimentary imaging
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modalities including echocardiography and cardiac MRI are helpful in diagnosis and in
monitoring clinical recovery. In fact, LV morphology at echocardiography is characteristic as
it resembles a takotsubo (Japanese octopus trap) with dilatation of the apical region of the heart
and preserved contractility of basal segments (Figure-8). About a fifth of patients will have
hyperdynamic contractility of basal LV segments with consequent left ventricular outflow tract
obstruction and systemic hypotension. Early recognition of this by echo has marked influence
on therapeutic choice [50]. Reverse pattern of LV contractile dysfunction has been described.
Right ventricular involvement in takotsubo is seen in 25-30% of patients and is associated with
a more complicated clinical course [51]. It is encountered in patients with more severe LV
involvement [52]. However, isolated right ventricular takotsubo has been reported [53]. The
condition is prone to formation of LV apical mural thrombus which should be carefully
excluded in all.

Figure 8. Diastolic and systolic frame of the LV in acute phase of takotsubo cardiomyopathy (panels A and B, respec‐
tively) and during recovery (panels C and D, respectively). Apical systolic expansion is noted during acute illness (panel
B). Apical endocardial border is highlighted in red. Normalization of apical systolic morphology and function is noted
upon recovery (panel D).
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5.3. PeriPartum Cardiomyopathy (PPCM)

The diagnosis of PPCM rests on the echocardiographic identification of new left ventricular
systolic dysfunction during a limited period surrounding childbirth. Other causes of cardio‐
myopathy should be excluded [54]. Features are typically that of dilated cardiomyopathy,
though LV cavity dimensions may be normal. Echocardiogram is used to monitor the effec‐
tiveness of treatment. In one study of PPCM recovery of LV function was reported in 54% of
study population [55]. This was more likely to happen in women with EF of > 30% at diagnosis
[55]. However, even in those with recovery of resting LV function by echo, contractile reserve
on dobutamine echo is reduced [56].The condition is likely to recur during subsequent
pregnancy even following recovery of LV function. The condition is associated with a worse
prognosis where recovery of LV function is incomplete or did not occur after the index
pregnancy [57]. Patients with LVEF of < 25% at diagnosis or in whom LV function has not
normalized should be counseled against subsequent pregnancy [58]. Early and serial echo‐
cardiogram may be considered during subsequent pregnancies in all patients with prior
history of PPCM.

5.4. Tachycardia Induced Cardiomyopathy (TIC)

There are no diagnostic features of TIC on echocardiogram. Non-specific dilated cardiomyop‐
athy may ensue from chronic tachyarrhythmia of either supraventricular or ventricular origin
[59-60]. Treatment of tachyarrhythmia is associated with recovery of LV systolic function, though
some degree of adverse LV remodeling may persist [61]. Diastolic dysfunction by echo is
encountered which may not reverse after normalization of LV systolic function [62].

5.5. Ischemic cardiomyopathy

On standard echocardiogram findings that constitute ischemic cardiomyopathy include
regional wall motion abnormalities, wall thinning with aneurysmal dilatation of the infarcted
myocardial segment, left ventricular (LV) cavity dilatation and decline in LV systolic per‐
formance that is out of proportion to the degree of underlying CAD (Figure-9).

Beyond recognition of an underlying ischemic process, an issue that frequently merits
clarification is that of hibernating viable myocardium and non-viable infarcted myocardium
[63]. This is particularly difficult to distinguish when infarcted myocardial segments have
normal or relatively normal thickness or when global LV contractile dysfunction as that seen
in DCM is encountered. For this low-dose dobutamine echocardiography test is useful.
Augmented contractility with dobutamine typically seen as a biphasic response is noted with
hibernating myocardium. Newer methods of assessing longitudinal fiber contraction during
dobutamine echo by long axis pulsed wave Doppler and M-mode is considered to be superior,
particularly in patients with LBBB [64].

5.6. Valvular cardiomyopathy

It is defined as ventricular dysfunction that is out of proportion to the abnormal loading
conditions of the heart [11]. Left ventricle is affected by regurgitant lesions of the mitral and
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aortic valves and by increased afterload of aortic stenosis. Primary valve abnormality can be
readily identified though findings can be blunted in the failing heart.

5.6.1. Aortic stenosis

Increased afterload of aortic stenosis results in concentric left ventricular (LV) hypertrophy.
LV cavity size is normal and systolic function preserved. With progressive disease LV
dilatation and impaired systolic function ensues. In patients with severe systolic dysfunction
assessment of aortic stenosis by Doppler can be challenging due to low flow velocity. Inotropic
augmentation of contractility and flow with dobutamine can be used in such cases [65].

Figure 9. Apical LV aneurysm (white arrow) is seen in a patient with ischemic cardiomyopathy. In another patient api‐
cal LV aneurysm is associated with a large LV mural thrombus (red arrow).
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5.6.2. Aortic regurgitation

LV cavity enlargement is present, which can be marked. Systolic function is initially preserved
but declines with advanced disease. Increase in LV end-diastolic pressure may blunt the color
Doppler signal of aortic regurgitation. Serial estimation of LV cavity dimension and volume
is necessary for aortic valve replacement prior to irreversible contractile dysfunction. LVEF of
≤ 50%, LV end-diastolic dimension of ≥ 70 mm and LV end-systolic dimension of ≥ 50 mm are
echo criteria for surgical intervention in asymptomatic individuals [66]. Abnormal longitudi‐
nal and circumferential strain is noted in the preclinical phase [67]. Incremental value of these
strain parameters for therapeutic intervention is not well established.

5.6.3. Mitral regurgitation

LV volume overload is well tolerated with preserved LV systolic function early in the disease.
Progressive decline in LV systolic function can be underestimated when using LV ejection
fraction as a marker of systolic performance. Left atrial enlargement is followed by LV cavity
enlargement. Progressive increase in left atrial pressure may decrease the color Doppler signal
of mitral regurgitation in advanced cases. LV end-systolic dimension of ≥ 45 mm or LVEF of
≤ 60% is used to time surgical intervention [68].

5.7. Hypertensive heart disease and cardiomyopathy

There is an increase in LV mass consequent to concentric hypertrophy of LV. Systolic function
is preserved. Variable degree of diastolic function is noted. In patients with severe LV
hypertrophy echocardiographic differentiation from other disease states with LV hypertrophy
is challenging. Restrictive filling pattern is seen in severe disease. Progressive disease is
associated with LV cavity dilatation and decline in LV systolic function similar to that seen in
dilated cardiomyopathy.

5.8. Metabolic cardiomyopathy

5.8.1. Amyloid heart disease

Cardiac amyloidosis is an infiltrative disorder of the heart which on echo is seen as thick-walled
left and right ventricles with normal left ventricular cavity dimension and systolic function.
Advanced disease is associated with decline in left ventricular systolic function. Increased
echogenicity from thickening of heart valves, biatrial enlargement and thickened interatrial
septum are other morphologic features of established disease. Pericardial effusion is seen in
more than half of patients [69] (Figure-10). Increased granular appearance of the heart in earlier
description of cardiac amyloidosis is not distinct on modern echo hardware and image
processing [70]. Assessment of transmitral flow and mitral annular velocities by Doppler
reveals impaired diastolic function. Restrictive diastolic filling pattern is noted in advanced
cases. Unlike in restrictive filling pattern, reduced mitral A- velocity may be seen with normal
mitral E-deceleration time. This finding suggests atrial myopathy and reduced contractility
from amyloid infiltration [71]. Some overlapping clinical and echocardiographic features of
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hypertrophic cardiomyopathy are seen in 5% of cases. In contrast to a hypertrophied ventricle,
low voltage in precordial leads is seen on ECG, and systolic anterior motion of mitral valve
which is a frequent observation in hypertrophic cardiomyopathy on echo, is uncommon in
patients with cardiac amyloidosis. By novel echo techniques longitudinal strain and strain rate
show systolic dysfunction despite preserved radial contraction as determined by fractional
shortening. The value of strain parameters in early diagnosis and in prognosis is being
evaluated [72]. Furthermore, strain measurement by 2D speckle tracking shows variation in
longitudinal strain from base to apex with relative preservation of apical strain. This finding
can be helpful in distinguishing cardiac amyloidosis from hypertrophic cardiomyopathy and
hypertrophy associated with increased afterload state of aortic stenosis [73].

Figure 10. Severe concentric left ventricular wall thickening and small pericardial effusion is present in this patient
with cardiac amyloidosis (panel A). Impaired mitral annular velocity is indicative of abnormal diastolic function (re‐
duced mitral annular velocities with reversal of E’ to A’ ratio) (panel B).

5.8.2. Hemochromatosis

There are no specific morphologic features on echocardiogram. Dilated cardiomyopathy is
seen in advanced stages of hemochromatosis [74]. Non-invasive diagnosis of cardiac involve‐
ment is dependent on demonstration of myocardial iron deposit on cardiac MRI [75]. In cases
with established cardiac involvement, assessment of myocardial kinetics by Doppler and tissue
strain may reveal functional impairment prior to development of overt cardiomyopathy. The
value of these new techniques in determining prognosis and in serial follow up of patients
following therapeutic intervention has been the subject of recent studies.

5.9. Toxic cardiomyopathy: Alcohol and anthracyclines

Echo findings are non-specific. Dilated cardiomyopathy from cardiotoxicity of alcohol cannot
be distinguished from idiopathic dilated cardiomyopathy. Impairment of left ventricle systolic
function is a concern for both anthracycline and some non-anthracycline based chemothera‐
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peutic regimens. Dose dependent cardiotoxicity from anthracyclines is reversible if detected
early and upon institution of effective heart failure therapy [76]. Serial assessment of left
ventricle systolic function, preferably by echo, is routine in such cases. Impaired tissue kinetics
by measures of myocardial strain and strain rate is noted prior to gross impairment of left
ventricle systolic function. This may have a role in influencing management [77].

6. Conclusion

Value of echocardiography in the diagnosis, prognosis and monitoring of therapy in patients
with cardiomyopathy is discussed in the preceding review. 3DE, Doppler and speckle strain
and left ventricular torsion may have a role in preclinical disease states. Incorporation of these
diagnostic methods in routine clinical assessment of patients with cardiomyopathy is depend‐
ent on emerging data on the usefulness and reproducibility of these techniques.
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Left Ventricular Twist in Cardiomyopathy

B.M. van Dalen and M.L. Geleijnse

Additional information is available at the end of the chapter
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1. Introduction

Merely 50 years ago, Inge Edler and Helmut Hertz were the first to use an ultrasound trans‐
ducer, borrowed from a local shipyard where it was used for the detection of cracks in metal
plates, to record the motion of cardiac structures. Ever since then, the clinical use of echocar‐
diography has steadily increased. Echocardiography is an attractive imaging modality for
several reasons. It is highly available, relatively inexpensive, it does not involve ionising
radiation, and images are displayed in realtime allowing prompt diagnosis. However, despite
a staggering technical progress in echocardiography, regional myocardial function was, until
recently, still assessed by visual analysis of wall motion, a relatively inaccurate and poorly
reproducible manner.

During the last 10 years, tissue Doppler imaging has been developed to quantify regional
myocardial function [1]. Initially formatted as a one-dimensional method for measurement of
regional longitudinal myocardial velocity profiles, tissue Doppler imaging has been further
developed to allow measurements of one-dimensional regional strain [2]. This index measures
local deformation as opposed to (passive and active) motion and thereby better reflects
regional myocardial function. However, tissue Doppler imaging is inextricably limited by the
angle-dependency of the technique. Because of this limitation, it is not clinically feasible to
measure myocardial deformation in directions not parallel to the direction of the Doppler
beam, such as left ventricular rotation. Although some have tried to override this limitation
by applying complex algorithms [3], measurement of left ventricular rotation by echocardiog‐
raphy has only recently become clinically feasible by the development of speckle tracking
echocardiography.

© 2013 van Dalen and Geleijnse; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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1.1. Left ventricular twist

In the 16th century, Leonardo daVinci already described the rotational motion of the left
ventricle [4,5] and in 1669, Richard Lower observed that myocardial contraction could be
compared with ‘the wringing of a linen cloth to squeeze out the water’ [6]. The mechanistic
basis for this wringing motion or twist lies in the complex spiral architecture of the left ventricle
as revealed by the anatomical studies of Streeter et al. [7] and Greenbaum et al. [8] The left
ventricle consists of obliquely oriented muscle fibres that vary from a smaller-radius, right-
handed helix at the subendocardium to a larger-radius, left-handed helix at the subepicardium.
The functional consequence of this three-dimensional helical structure is a cyclic systolic
twisting deformation, resulting from clockwise basal rotation and counterclockwise apical
rotation (as seen from the apex). Left ventricular twist plays a pivotal role in the mechanical
efficiency of the heart, making it possible that only 15% fibre shortening results in a 60%
reduction in left ventricular volume [9]. Moreover, diastolic untwisting of the left ventricle
plays a crucial role in diastolic suction [10]. In the last decades, left ventricular twist has mainly
been studied with tagged magnetic resonance imaging (MRI). However, lack of availability,
limited temporal resolution, and the time-consuming and complex data analysis have
precluded its use in routine clinical practice. More recently, it became possible to study left
ventricular twist with tissue Doppler techniques and two-dimensional speckle tracking
echocardiography. As mentioned before, this latter technique offers the opportunity to track
myocardial deformation independently of both cardiac translation and the insonation angle.

1.2. Assessment of left ventricular twist

Ever since the description of the rotational motion of the left ventricle by Leonardo da Vinci
[4,5] in the 16th century, left ventricular twist has intrigued clinicians and researchers in their
quest to understand the performance of the human heart. In the early 1960s, Harrison et al. [11]
developed a method to measure external ventricular wall dimensions during the cardiac cycle.
Silver tantalum clips were sutured into the human epicardium during cardiac surgery and
these markers were viewed by calibrated cineradiographs. Ingels et al. [12] further developed
this technique and studies of left ventricular twist continued throughout the 1980s. Unfortu‐
nately, progress was limited due to the invasive nature of the technique with its inherent
limitations; the surgical implantation of the clips frequently led to local inflammation,
hemorrhage and fibrosis, possibly affecting left ventricular twist. In addition, implantation of
the clips could only be done in surgically accessible areas, which limited the left ventricular
areas studied. In 1990, Buchalter et al. [13] described for the first time the non-invasive
assessment of left ventricular twist with MRI. A tagging technique was employed to label
specific areas of the myocardium prior to image acquisition. Tagging is achieved by selective
radio-frequency excitation of narrow planes and appears as black lines on the image acquisi‐
tion. Using dedicated software, displacement of these tagging lines can be monitored, allowing
quantification of left ventricular deformation. However, the limited availability, the poor
temporal resolution, and the time-consuming and complex data analysis have precluded its
use in routine clinical practice.
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More recently, assessment of left ventricular twist by speckle tracking echocardiography has
become available. The fundamental principle of deformation imaging by speckle tracking
echocardiography is simple. A certain segment of myocardial tissue is shown in an ultrasound
image as a pattern of gray values caused by the interference of ultrasound reflected by the
tissue. Such a pattern, resulting from the spatial distribution of the gray values, is commonly
referred to as a speckle pattern. If the position of the myocardial segment within the ultrasound
image changes, one can presume that the position of the speckle pattern will change accord‐
ingly. Since each region of the myocardium has its own rather unique speckle pattern, the
speckle pattern can serve as a fingerprint of the region of interest of the myocardium. Fur‐
thermore, given a sufficiently high frame rate, it can be assumed that particular speckle
patterns are preserved between subsequent image frames [14]. Thus, tracking of the speckle
pattern during the cardiac cycle allows one to follow the motion of this myocardial segment
within the two-dimensional ultrasound image. Several studies have shown [15,16] that twist
data derived from commercially available speckle tracking software correlated well with
tagged MRI. To be able to evaluate serial studies of left ventricular twist by speckle tracking
echocardiography in the same patient, the technique needs to be reproducible as well. Van
Dalen et al. [17] studied the feasibility and variability of left ventricular twist measurement
and found that the method is feasible in approximately two thirds of subjects and has good
intraobserver, interobserver and temporal reproducibility, allowing to study changes over
time in left ventricular twist in an individual patient.

In this chapter, the important physiological role of left ventricular twist and untwist will be
explained. Furthermore, cardiomyopathies may show striking alterations of left ventricular
twist. The pathophysiological background and potential clinical role of these changes is
discussed.

2. Physiology of left ventricular twist

According to the Hippocratic treatise “On the Heart”, the heart is shaped like a pyramid, has
a deep crimson colour, and is an extremely strong muscle. From the top of the heart, rivers
that irrigate the “mortal habitation” flow into the body. If these rivers dry up, then the person
dies [18]. Leonardo da Vinci’s investigations of the heart and circulation began nearly 18
centuries later, in the 1490s. Da Vinci made a number of advances in the understanding of the
heart and blood flow. For example, he showed that the heart is indeed a muscle, that it has
four chambers an he linked the pulse in the wrist with left ventricular contraction. Further‐
more, as mentioned before, Da Vinci was the first to describe the rotational motion of the left
ventricle [4,5]. However, it lasted until the late 1960s before left ventricular twist was described
in more detail by Streeter et al. [7] following a study of post-mortem canine hearts. Using a
rapid method of fixation, they were able to analyze these hearts in either systole, begin diastole
or end-diastole. Fibre angle, representing the angle between the myofibres as projected onto
the circumferential-longitudinal plane and the circumferential axis, was introduced for
quantification of fibre orientation. This angle changed continuously from the subendocardium
to the subepicardium, typically ranging from +60 degrees at the subendocardium to –60
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degrees at the subepicardium. Left ventricular twist is supposed to originate from the dynamic
interaction between these oppositely wound subepicardial and subendocardial myocardial
fibre helices, whereby the direction of left ventricular twist is governed by the subepicardial
fibres, mainly owing to their longer arm of movement [19]. Left ventricular twist plays a pivotal
role in the mechanical efficiency of the heart, making it possible that only 15% fibre shortening
results in a 60% reduction in left ventricular volume [20]. Furthermore, mathematical models
have shown that the counterdirectional arrangement of muscle fibres in the heart is energeti‐
cally efficient and important for equal redistribution of stresses and strain in the heart [21].
However, controversy remains present. The group of Buckberg published in 2005 a compre‐
hensive compendium, “Rethinking the cardiac helix; a structure function journey”, of the
Liverpool meeting: “New concepts of cardiac anatomy & physiology” [22]. Buckberg et al.
believe that, based on anatomical studies by Torrent-Guasp [23] the heart is a helix that contains
an apex, and that sequential contraction of the basal, descending, and ascending loop of the
helix leads to the physiological pattern of myocardial contraction [24]. Although interesting,
other anatomical studies have failed to reproduce the findings of Torrent-Guasp, and during
the past few years this latter theory seems to gradually lose appreciation as compared to the
theory of dynamic interaction between oppositely wound subepicardial and subendocardial
myocardial fibres [25]. Taber et al. [19] used a theoretical model to underscore the importance
of the arrangement of myocardial fibres for left ventricular function. Peak systolic twist
approximately doubled with a change in de epicardial / endocardial fibre angles from +90
degrees / –90 degrees to +60 degrees / –60 degrees. The importance of fibre orientation for left
ventricular twist was highlighted in clinical context as well [26]. Left ventricular sphericity
index was found to have an independent positive linear relation with peak systolic twist in
dilated cardiomyopathy patients. Even in dilated cardiomyopathy patient with similar left
ventricular ejection fraction, left ventricular sphericity index remained positively correlated
to left ventricular twist. Interestingly, in normal hearts the left ventricular sphericity index had
a parabolic relation with apical peak systolic rotation and peak systolic twist. A left ventricular
sphericity index of about 2.1 was associated with the highest peak systolic twist, lower and
higher sphericity indices were associated with less peak systolic twist. The findings of this
study seem to support the hypothesis by Taber et al. that alterations in fibre-orientation
influence left ventricular peak systolic twist. Furthermore, the curvature of the left ventricular
wall is related to wall tension. Since deformation of myocardial fibres is known to be inversely
related to wall tension, changes in cardiac shape may also lead to changes in left ventricular
twist by means of alterations in wall tension [21].

In 1995, Moon et al. [27] investigated the effects of load and inotropic state on left ventricular
twist. They studied 6 cardiac transplant recipients 1 year after heart transplantation. At the
time of surgery 12 radiopaque midwall left ventricular myocardial markers were implanted.
The authors claimed that pressure and volume loading did not affect left ventricular twist.
However, in more recent tagged MRI studies by MacGowan et al. [28] and Dong et al. [29] it
has been shown that afterload changes do affect left ventricular twist. Dong et al. also inves‐
tigated the influence of preload and contractility. An isolated increase in preload resulted in
an increase in left ventricular twist. From a multiple linear regression analysis, they concluded
that the effect of preload on left ventricular twist was about two-thirds as great as that of
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afterload. Since left ventricular twist is critically dependent on the arrangement of fibres in the
myocardium, the dependence of left ventricular twist on pre- and afterload-induced changes
in left ventricular volumes is intuitive. Dong et al. also observed that dobutamine increased
left ventricular twist, even at identical pre- and afterload, indicating that there is a direct
inotropic effect on left ventricular twist that is not mediated through changes in volume, but
through changes in force.

Finally, several groups investigated the influence of aging on left ventricular twist [30-32].
Nakai et al. [30] and Takeuchi et al. [31] reported increased left ventricular twist with aging.
Because left venticular peak systolic twist is calculated as the maximal value of instantaneous
left ventricular apical rotation minus left ventricular basal rotation, any difference between the
timing of left ventricular basal and apical peak systolic rotation (defined as rotational defor‐
mation delay) will result in less left ventricular peak systolic twist. In a study by Van Dalen et
al. [32] it was shown that the increase of left ventricular twist with aging results not only from
an increase in apical peak systolic rotation but also from a decrease in rotational deformation
delay. The function of subendocardial fibres declines with age, even in normal hearts [33,34].
Loss of the opposed action of subendocardial fibres will allow the subepicardial fibres to cause
more pronounced left ventricular apical rotation and thereby left ventricular twist. Time-to-
peak left ventricular basal rotation remained relatively unchanged with aging, whereas left
ventricular apical peak rotation occurred later in systole with advancing age, approaching
time-to-peak basal rotation and thereby decreasing rotational deformation delay. Although
the increase in time-to-peak left ventricular apical rotation may be caused by an increase in
collagenous tissue in the conduction system with advancing age [34], this would implicate an
increase in time-to-peak left ventricular basal rotation as well, leaving rotational deformation
delay unchanged. The increase in time-to-peak left ventricular apical rotation with advancing
age may also be explained by prolonged contraction duration, which was previously found in
aged myocardium of animals [35,36]. This prolonged contraction duration results from a
prolonged active state rather than changes in passive properties or myocardial catecholamine
content [37]. Whether this is the true explanation of the increase in time-to-peak left ventricular
apical rotation with advancing age, and why time-to-peak left ventricular basal rotation would
not be influenced by this phenomenon, still needs to be clarified. Nevertheless, both increased
left ventricular apical rotation and decreased rotational deformation delay seem to be charac‐
teristics of “physiological cardiac aging”, and may contribute to the preservation of left
ventricular ejection fraction in the elderly.

3. Physiology of left ventricular untwist

Untwisting starts after the peak of left ventricular twist, just before the end of systole. The
twisting deformation of the left ventricle during systole results not only in ejection of blood
but also in storage of potential energy. During the isovolumic relaxation period the twisted
fibres behave like a compressed coil that springs open while abruptly releasing the potential
energy. This process may be actively supported by still depolarized subendocardial fibres that
are – in contrast to the systolic period – now not opposed by active contraction of the subepi‐
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cardial fibres [38]. However, the effective force of contraction of myocardial fibres is expected
to be minimal during this part of the cardiac cycle. Nevertheless, dissimilarities of apparent
stiffness of the endocardium and epicardium caused by differences in breakdown of actin-
myosin cross-bridges may be of influence. The group of Shapiro and Rademakers was one of
the first to investigate the physiology of left ventricular untwisting in more detail with MRI
[39]. They found, in an open-chest canine model, that left ventricular untwisting and filling
are dissociated in time. In the normal resting heart about 40% of left ventricular untwisting
occurs during isovolumic relaxation. Dobutamine enhanced the extent of left ventricular
untwisting before mitral valve opening and further accentuated the dissociation between left
ventricular untwisting and filling. The untwisting rate, the mean left ventricular untwisting
velocity during the isovolumic relaxation phase, is proportional to the rate of isovolumic
pressure decay [40]. In addition, left ventricular untwisting precedes and is a strong predictor
of the intraventricular pressure gradient, a marker of diastolic suction during early left
ventricular filling. This may be caused by a temporal dispersion between basal and apical de-
rotation, the diastolic reversal of systolic rotation [41]. At the left ventricular apical level there
is faster de-rotation, as compared to the basal level, which may be explained by the relatively
increased systolic apical rotation, and thus stored potential energy. Interestingly, at the left
ventricular basal level there is still a profound de-rotation from mitral valve opening until the
peak of early left ventricular filling velocity. This may be explained by the temporal dispersion
in basal and apical repolarization. Since the basal endocardial fibres are the latest to be
repolarized (repolarization progresses from the apex to the base of the heart and from the
epicardium to the endocardium, and takes approximately 150ms), an extra de-rotating force
may still be present during this period at the basal level. Furthermore, there is a brief episode
of re-rotation at the basal level from the peak to the end of the early left ventricular filling
velocity that may partially be explained by the sudden omission of the de-rotational forces of
the endocardial fibres, at the moment of complete cardiac repolarization. In contrast, during
this period continuing de-rotation is seen at the left ventricular apical level. Since rotation is
related to an increase and de-rotation to a decrease in left ventricular pressure, this phenom‐
enon may facilitate blood flow all the way to the apex. Thus, left ventricular untwisting
provides a temporal link between two crucial diastolic phenomena, relaxation and diastolic
suction.

In adolescents and young adults, there may be a marked contribution of active left ventricular
relaxation to left ventricular filling, resulting in an accentuated early diastolic filling velocity
with a short deceleration time, resembling restrictive left ventricular filling at Doppler
echocardiography (‘pseudo-restrictive’ left ventricular filling pattern). Very rapid left ventric‐
ular untwisting plays a pivotal role in this physiological rapid early diastolic filling [42]. In
contrast, in dilated cardiomyopathy patients, untwisting is delayed and this impairment to
utilize suction may impair left ventricular filling [42].

Marked changes in left ventricular diastolic function are known to occur in healthy elderly
[43,44]. As described before, with advancing age left ventricular twist increases, probably due
to both a decrease in rotational deformation delay and subendocardial dysfunction leading to
loss of the counteraction of the subendocardial fibre helix. The early diastolic release of
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increased potential energy stored during this augmented systolic twisting deformation may
be the cause of preserved peak diastolic untwisting velocity and untwisting rate with aging.
A strong age-independent relation between left ventricular peak systolic twist and peak
diastolic untwisting velocity and untwisting rate supports this hypothesis. Nevertheless,
although peak diastolic untwisting velocity and untwisting rate do not change significantly
with advancing age, both parameters are significantly impaired when normalized for the
increased extent of left ventricular twist. This results in a progressive delay in relative left
ventricular untwisting and in the time-to-peak diastolic untwisting velocity with aging. This
may reflect the increased stiffness known to occur in aging. In addition, the same subendo‐
cardial dysfunction that is supposed to lead to increased left ventricular twist with aging, may
also lead to loss of the active part of untwisting normally caused by in early diastole still
depolarized subendocardial fibres. Relatively reduced and delayed left ventricular untwisting
may help to explain the increased duration of isovolumic relaxation in the elderly. Because left
ventricular untwisting generates the left ventricular pressure gradient that helps filling the left
ventricle [10], impediment of left ventricular untwisting may lead to delayed generation of
this pressure gradient, and thereby to delayed opening of the mitral valve.

4. Left ventricular twist in cardiac disease

4.1. Subendocardial dysfunction

As mentioned before, left ventricular twist originates from the dynamic interaction between
oppositely wound subepicardial and subendocardial myocardial fibres. The direction of left
ventricular twist is governed by the subepicardial fibres, mainly owing to their longer arm of
movement. Subendocardial ischemia with loss of contraction of the counteracting subendo‐
cardial fibres will lead to increased left ventricular twist. Therefore, left ventricular twist, and
in particular changes within one patient, may provide an easily assessable marker of suben‐
docardial ischemia. Increased left ventricular twist has been described in aging healthy subjects
(as discussed previously), and in patients with hypertrophic cardiomyopathy (HCM), aortic
stenosis (AS), or diabetes.

In HCM patients, left ventricular twist is increased [45,46]. Actually, in particular left ventric‐
ular basal rotation is augmented [46]. The increased basal rotation may be explained by loss
of counteraction of the subendocardial fibre helix, caused by endocardial ischemia due to
microvascular dysfunction [47,48]. Also, larger radius differences between the subepicardium
and subendocardium in hypertrophic muscle may increase the dominant action of the
subepicardial fibres and increase basal rotation. Interestingly, left ventricular apical rotation
and twist are dependent on the pattern of left ventricular hypertrophy. In patients with a
sigmoidal septal curvature, left ventricular apical rotation and twist are increased as compared
to patients with a reverse septal curvature. This may be partly explained by the degree of
subendocardial ischemia, since patients with a sigmoidal septal curvature more often have left
ventricular outflow tract obstruction. The extravascular compressive forces caused by
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gradients due to the outflow obstruction may lead to more extensive microvascular dysfunc‐
tion and subendocardial ischemia.

AS patients are consistently found to have increased left ventricular twist, mainly due to
increased left ventricular apical rotation [49-51]. Furthermore, left ventricular apical rotation
and twist correlate positively to the severity of AS. This underlines the potential role of
subendocardial ischemia as the cause of increased left ventricular apical rotation and twist in
AS since the severity of subendocardial ischemia is known to be related to the severity of AS
[52]. In addition, left ventricular apical rotation and twist are highest in AS patients with
symptoms (angina) or electrocardiographic signs (strain) compatible with subendocardial
ischemia [53]. However, deformation of myocardial fibres is known to be inversely related to
wall tension. Since increased afterload in AS leads to increased endocardial wall tension,
increased left ventricular twist in AS may also be caused by decreased endocardial deformation
as a result of increased endocardial wall tension, independently of ischemia.

Increased left ventricular twist was also described in diabetics with a normal left ventricular
ejection fraction [54-56]. Several potential mechanisms for the supposed loss of counteraction
of the subendocardial fibres have been mentioned, including metabolic disturbances triggered
by hyperglycemia, increased free fatty acid oxidation, altered calcium homeostasis, myocyte
death, fibrosis, small-vessel diseases, and cardiac autonomic neuropathy.

In all the above mentioned examples, increased left ventricular twist may serve as a compen‐
satory mechanism to balance loss of left ventricular myocardial contraction in other directions,
which with subendocardial dysfunction is usually a loss of contraction in the longitudinal
direction, and thereby preserve left ventricular ejection fraction.

4.2. Diastolic dysfunction

The need for objective evidence of left ventricular diastolic dysfunction has led to an extensive
search for accurate, noninvasive, load-independent methods to quantify its severity. Takeuchi
et al. [57] examined whether left ventricular hypertrophy adversely affects left ventricular
untwisting in hypertension patients. Patients with moderate to severe left ventricular hyper‐
trophy had reduced and delayed left ventricular untwisting as compared to patients without
left ventricular hypertrophy, which may contribute to the left ventricular relaxation abnor‐
mality seen in these patients.

In both HCM [58] and AS [51], the untwisting rate, the mean untwisting velocity during the
isovolumic relaxation phase, is decreased and untwisting is delayed. Subendocardial ischemia
may lead to loss of active untwisting normally caused by the subendocardial fibres during
early diastole. In addition, the impaired compliance of the left ventricles of these patients will
prevent optimal transformation of the potential energy stored in systolic left ventricular
twisting into kinetic energy. However, peak diastolic untwisting velocity is decreased in HCM
patients, whereas it is increased in AS patients. In AS patients, systolic left ventricular twist is
clearly increased as compared to controls. The increased potential energy stored in this more
twisted left ventricular will be released after all, which may lead to increased, but delayed,
peak diastolic untwisting velocity, that may serve as a compensatory mechanism to help left
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ventricular filling. Conversely, in HCM patients systolic twist is only moderately increased,
which may thwart this phenomenon. This hypothesis is supported by the fact that increased
peak diastolic untwisting velocity hace been found in a subgroup of HCM patients with mild
diastolic dysfunction, who had increased systolic twist. It has been suggested that increased
untwisting might be a compensatory mechanism, preventing the need to increase left atrial
pressure.

4.3. Noncompaction cardiomyopathy

Noncompaction cardiomyopathy (NCCM) is a myocardial disorder characterized by excessive
and prominent trabeculations associated with deep recesses that communicate with the
ventricular cavity but not the coronary circulation [59]. Although NCCM was included in the
2006 World Health Organization classification of cardiomyopathies [60], it remains subject to
controversy owing to lack of consensus on its aetiology, pathogenesis, diagnosis, and man‐
agement [61]. The final stage of the development of myocardial architecture is characterized
by the formation of compact myocardium and development of oppositely wound epicardial
and endocardial myocardial fibre helices [62,63]. Since NCCM is probably caused by intrau‐
terine arrest of this final stage of cardiac embryogenesis [64], it may be anticipated that left
ventricular twist characteristics are altered, beyond that seen in patients with impaired left
ventricular function and normal compaction. This has been confirmed in a clinical study.
NCCM patients were found to show left ventricular rigid body rotation, that is predominantly
instantaneous rotation at the basal and apical level in the same direction, with near absent left
ventricular twist. In a subsequent, larger study left ventricular rigid body rotation was
confirmed to be an objective, quantitative, and reproducible criterion with a good predictive
value for the diagnosis of NCCM as established by expert opinion [65]. Interestingly, all
familial NCCM patients showed rigid body rotation. Since the diagnosis of NCCM seems most
certain in patients with familial NCCM, this finding underscores the excellent sensitivity of
solid body rotation for NCCM. Of additional interest was the finding that NCCM patients who
were first-degree relatives from one family had identical left ventricular rotation patterns,
suggesting a genetic-functional relationship in NCCM.

4.4. Cardiac resynchronization therapy

Although a significant reduction of left ventricular twist was observed in patients with
advanced heart failure, left ventricular twist did not improve after resynchronization therapy,
despite significant gains in left ventricular global and short-axis function in responders. In fact,
non-responders showed further reduction of left ventricular twist [66]. However, in a more
recent study, subendocardial and subepicardial left ventricular twist were investigated
separately, which did lead to identification of prognostic value of left ventricular twist in the
population undergoing resynchronization [67]. At 6-month follow-up, 53% of the patients
showed favorable outcomes after resynchronization therapy. In a multivariate logistic
regression analysis, only the immediate improvement of subepicardial left ventricular twist
was independently related to favorable outcomes. Furthermore, the immediate improvement
of subepicardial left ventricular twist had incremental value over established parameters.
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Several reasons may explain this finding. First, subepicardial left ventricular twist may reflect
the positive effects of cardiac resynchronization therapy better than subendocardial left
ventricular twist, because the subepicardial layer is the major determinant of left ventricular
twist. Second, left ventricular pacing in cardiac resynchronization therapy is applied from the
epicardial surface, which may be more closely related to mechanical changes in the subepi‐
cardial than the subendocardial left ventricular layer.

4.5. Ischemic heart disease

Sun et al. [68] subjected 7 pigs to myocardial infarction by occlusion of the left anterior
descending coronary artery. After 8 weeks, left ventricular twist was decreased significantly
in the left anterior descending coronary artery territory areas, whereas there was no change in
twist in adjacent and remote left ventricular areas. Therefore, the authors proposed that left
ventricular twist may be suitable for noninvasive quantification of left ventricular regional
function in ischemic heart disease. Kroeker et al. [69], using an optical device coupled to the
left ventricular apex in 16 open-chest dogs, also found a decrease of left ventricular apical
rotation with ischemia caused by occlusion of the left anterior descending coronary artery.
Interestingly, in the first 10 seconds of occlusion, there was a paradoxical increase in left
ventricular apical rotation, which was attributed to isolated subendocardial ischemia leading
to loss of the counteractive action of the subendocardial helix of myofibres.

In clinical studies in patients with a prior anterior myocardial infarction it was found that,
although left ventricular basal rotation was preserved, left ventricular apical rotation was
decreased, leading to decreased left ventricular twist [70]. In patients with a left ventricular
aneurysm, left ventricular apical rotation was nonexistent or even inverted, leading to severely
decreased left ventricular twist.

4.6. Congenital heart disease

In the majority of left ventricular twist studies in congenital heart disease, investigators focused
on patients with a congenital transposition of the great arteries. In patients operated with atrial
switch, the systemic right ventricle shows absence of twist, whereas the subpulmonary left
ventricle shows reduced twist [71,72]. Furthermore, there are regional differences of apical
rotation of the subpulmonary left ventricular, whereas apical rotation is homogeneous in a
normal left ventricle [73,74]. In a theoretical model of situs inversus totalis, and in 8 patients
with this condition [75,76] it was shown that, although gross anatomy is mirror imaged, this
is not the case for left ventricular systolic deformation. Both the left ventricular base and apex
rotated in a counterclockwise direction, whereas the midventricular section exhibited hardly
any rotation. These findings may be explained by the arrangement of myofibres in these
patients. Anatomical studies have revealed that in situs inversus totalis arrangement of
myofibres is normal in the apical regions leading to normal counterclockwise rotation, whereas
at the basal level a partly mirror-imaged pattern of the normal transmural change in fibre angle
is seen.
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5. Conclusion

Even though left ventricular twist is indispensable for proper left ventricular function, little is
known about it in “the cardiology community”. Mainly due to the development of speckle
tracking echocardiography, allowing accurate, reproducible and rapid bedside assessment of
left ventricular twist, interest in this important mechanical aspect of left ventricular deforma‐
tion has been rapidly increasing.

Although the vital physiological role of left ventricular twist is indisputable, the clinical
relevance of assessment of left ventricular twist in cardiomyopathies still needs to be con‐
firmed. Nonetheless, left ventricular twist evaluation has already provided significant
pathophysiological insight in a broad variety of cardiomyopathies. It has become clear that
increased left ventricular twist in for example HCM, AS, and diabetics, but also in a healthy
ageing population, may serve as a compensatory mechanism to preserve ejection fraction.
Furthermore, demonstration of left ventricular rigid body rotation in NCCM may provide a
unique way to objectively confirm this difficult diagnosis. Diastolic left ventricular untwisting
represents the elastic recoil caused by the release of restoring forces that have been generated
during the preceding systolic left ventricular twist and has an important contribution in left
ventricular filling through suction generation. Measurement of left ventricular untwisting may
become an important element of diastolic function evaluation in cardiomyopathies in the
future.
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1. Introduction

Dilated  cardiomyopathy  (DCM)  is  one  of  the  most  common  types  of  cardiomyopathy
worldwide.  It  is  characterized by progressive chamber dilatation and myocardial  systolic
dysfunction  and  diagnosed  by  finding  left  ventricular  (LV)  enlargement  and  impaired
systolic  LV function  (LV ejection  fraction  less  than 50% or  fractional  shortening  of  less
than 25-30%).  Angiotensin-converting enzyme inhibitors  and ß-blockers  are the best  and
popular  therapeutic  interventions  for  DCM  that  promotes  amelioration  of  systolic  LV
dysfunction  among 20-45% DCM patients  [1  -  5];  nonetheless,  the  5-year  mortality  rate
of  DCM remains 10-35% under these medical  therapy [6  -  8].

The  predictive  assessment  of  LV  function  is  clinically  important  in  medical  manage‐
ment of  DCM, particularly when considering the indication for  heart  transplantation.  In
most  patients  with  heart  failure,  symptoms are  not  present  at  rest  but  become limiting
with  exercise.  Nevertheless,  the  major  measures  for  LV  function  of  DCM,  such  as
echocardiography,  are  generally  performed  under  the  static  condition.  In  addition,  LV
contractile  function  at  rest  is  not  reliable  for  an  assessment  of  the  reversibility  of  LV
contraction,  that  is  contractile  reserve  [3,  4].  Therefore,  it  is  important  to  evaluate  LV
functional  response  under  dynamic  conditions  by  use  of  pharmacological  as  well  as
exercise  stress  [9].

This  article  reviews the current status of  myocardial  contractile  reserve with our findings,
including  procedures  for  evaluating  contractile  reserve,  clinical  implications,  and
molecular  biological  significance.

© 2013 Okumura and Murohara; licensee InTech. This is an open access article 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.



2. Contractile reserve in DCM

2.1. Myocardial contractile reserve

Myocardial contractile reserve measured by stress testing has been defined as a difference LV
function at rest and under load. To date, the assessment of myocardial contractile reserve
limitedly applied to evaluate the myocardial viability exclusively in patients with LV dys‐
function and coronary artery disease. Nowadays, glowing evidences suggest the clinical
importance to evaluating the contractile reserve in non-ischemic DCM [9, 10]. In particular to
the case of DCM, the assessment of myocardial contractile reserve is mainly focused to evaluate
the presence of residual LV contractile reserve.

2.2. Pathophysiological implications

Determinant factors of myocardial contractile reserve include the Frank-Starling mechanism,
the force-frequency effect, and adrenergic stimulation [11, 12]. In DCM patients, myocardial
contractile reserve to adrenergic stimulation is impaired [9].

Myocardial contractile reserve by stress testing provide important prognostic information in
DCM [13]. Previous studies reported that patients exhibiting load-induced enhancement of
systolic LV function had better clinical outcomes [10, 14 - 17] and LV contractile reserve is a
useful marker to predict future LV functional improvement in the treatment of beta blocker
or after cardiac resynchrnonization therapy [18 - 21].

In addition, myocardial contractile reserve is associated with other prognostic biomarkers and
molecule expressions in cardiomyocyte. Firstly, LV inotropic reserve is associated with
exercise capacity [14]. The contractile reserve correlates with peak oxygen consumption (peak
VO2) in cardiopulmonary exercise testing [22, 23]. Moreover, patients with greater increase in
myocardial contractile reserve achieved a greater peak VO2 [23]. Secondly, impaired LV
contractile reserve was reported to be associated with cardiac sympathetic dysfunction
measured by myocardial iodine-123-metaiodobenzylgluanidine (123I-MIBG) scintigraphy [24].
Finally, we reported that reduced adrenergic myocardial contractile reserve related to
myocardial expression of contractile regulatory protein mRNAs, such as beta1-adrenergic
receptor, sarcoplasmic reticulum Ca2+-adrenergic triphosphatase, and phospholamban [25].

Moreover, the assessment of LV response using a stress testing may also help in the screening
or monitoring the presence of latent myocardial dysfunction in patients with the initial phase
of cardiomyopathy overt normal resting echocardiographic parameters who had exposure to
cardiotoxic agents [26].

3. How to evaluate contractile reserve?

Myocardial contractile reserve is usually defined as a difference between LV function at rest
and under load. LV function has been evaluated by a variety of modalities, such as echocar‐
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diography, cardiac pool scintigraphy, and cardiac catheterization. Exercise and inotropic stress
have been used as stress protocols for the assessment of contractile reserve. Both stresses
provoke a generalized increase of regional wall motion with an increment of ejection fraction
[27]. Although regional LV wall dysfunction is commonly caused by coronary artery ischemia,
regional wall motion abnormality is sometimes shown in non-ischemic cardiomyopathy [28].

The selection of evaluation method and stress modality mainly depends on the patient’s
exercise capacity, the purpose of the examination, and medical contraindications.

3.1. Exercise stress

Exercise stress is a very useful and the best physiological stressor. Therefore, exercise testing
should be performed in patients who are physically allowed [27]. Images can be obtained by
use of pre- and within one minute of post- treadmill, upright or supine cycle exercise. However,
the weakness of stress echocardiography is that it depends on image quality and its use by the
occasional user may be attached with loss of accuracy.

3.2. Dobutamine stress

Pharmacologic stress testing is preferred for patients unable to exercise. Use of low dose
dobutamine seems to be the best stress method for the assessment of myocardial contractile
reserve, unless there is a contraindication [29]. The protocol of dobutamine infusions vary from
investigators, but the patient usually undergo the stress testing using standardised incremental
infusions of 5, 10, and 20 µg/kg/min [30]. The safety dose has been documented as high as 40
µg/kg/min and serious complications occurs in about 0.3 %.

3.3. Interpretension

In stress echocardiography, global LV function at rest is assessed by calculation of ejection
fraction or wall motion score index on the resting images. After collecting stress images, both
data are compared for the development of global function. As for the evaluation of regional
function, regional wall motion scoring is generally used. Generally, the critical level to define
the presence of contractile reserve is defined as an increase of more than 5% in the global LV
ejection fraction [31].

Some studies have evaluated the adrenergic contractile reserve by measurement of increase
in the maximal first derivative of LV pressure (LV dP/dtmax) using a cardiac catheter in patients
with non-ischemic LV dysfunction [15, 32].

3.4. Stress testing protocol in our studies

Our protocol for the evaluation of myocardial contractile reserve consists of low-dose dobut‐
amine infusion and cardiac catheterization (Figure 1). Although a lot of investigations which
reported dobutamine stress testing were measured by echocardiography, we more accurately
evaluate LV response using catheterization with a high-fidelity micromanometer.
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Initially, routine diagnostic left and right heart catheterization are performed. A 6-F fluid-filled
pigtail catheter with a high-fidelity micromanometer (CA-61000-PLB Pressure-tip Catheter,
CD Leycom, Zoetermeer, The Netherlands) is placed in the LV cavity for measurement of LV
pressure. We evaluate LV dP/dtmax as an index of LV contractility [33]. After collection of
baseline hemodynamic data, dobutamine is infused intravenously at incremental doses of 5,
10, and 15 µg/kg/min and hemodynamic measurements are made at the end of each 5-minute
infusion period. In addition, we calculate ΔLV dP/dtmax as an index of myocardial contractile
reserve [25]. ΔLV dP/dtmax is defined as the percentage increase in LV dP/dtmax induced by
dobutamine, and this index is defined on the basis of the formula.

ΔLV dP/dtmax(x) = LV dP/dtmax(x) - LV dP/dtmax(baseline) / LV dP/dtmax(baseline)

where x = the dose of dobutamine (µg/kg/min)

Figure 1. Protocol for evaluating myocardial contractile reserve in DCM

4. Clinical implications of myocardial contractile reserve

4.1. Exercise capacity and contractile reserve

The presence of LV inotropic response during dobutamine stress testing is associated with a
better performance [14]. Patients with markedly reduced myocardial contractility at rest, but
with good residual contractile reserve, have a favorable exercise capacity. On the other hand,
patients with mildly abnormal myocardial contractility at rest, but reduced contractile reserve
have a poor capacity [34].
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Recently, we reported the association between myocardial contractile reserve and exercise
capacity in 38 idiopathic DCM patients [23]. Peak VO2 was significantly correlated with ΔLV
dP/dtmax, but not with LV dP/dtmax at baseline. In addition, the correlation became more
pronounced as the dose of dobutamine was increased (Figure 2). Multivariate regression
analysis revealed that ΔLV dP/dtmax was independently correlated with peak VO2 (p=0.011).
There was no correlation between minute ventilation/carbon dioxide production (VE/VCO2)
slope and ΔLV dP/dtmax.

ΔLV dP/dtmax was significantly correlated with peak VO2, and the correlation became more pronounced as the dose of
dobutamine was increased. In contrast, no significant inverse correlation between ΔLV dP/dtmax and VE/VCO2 slope
was apparent, even at the maximum dose of dobutamine. ΔLV dP/dtmax is the percentage increase in LV dP/dtmax in‐
duced by dobutamine. [23]

Figure 2. Correlation between myocardial contractile reserve and peak VO2, VE/VCO2 slope.
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Paraskevaidis, et al. reported the utility of evaluating the presence of myocardial contractile
reserve in patients with intermediate values of peak VO2 (10-14 mL/kg/min) [35]. They conclud‐
ed that contractile reserve may yield the greatest incremental prognostic value in gray zone
candidates for cardiac transplantation and provide further information for the risk stratification.

These results suggested that myocardial contractile reserve can be used as an adjunct or an
alternative to predict peak VO2 in patients with heart failure, especially when the patients fall
into the gray zone of peak VO2 or when the patients have a difficulty in ambulation.

4.2. Cardiac sympathetic function and contractile reserve

In 2005, we reported the correlation of impaired contractile reserve with cardiac sympathetic
dysfunction in 24 DCM patients [24]. A significant correlation was observed between the
delayed 123I-MIBG heart-mediastinum ratio (HMR) and the percentage change in LV dP/
dtmax from the baseline to the peak heart rate (Figure 3). The delayed 123I-MIBG HMR was
significantly lower in patients with a worsening change in LV dP/dtmax (p=0.004). As for the
expression of mRNA, there is no significant difference in abundance for sarcoplasmic reticu‐
lum Ca2+-ATPase (SERCA2). However, SERCA2/glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) ratio was significantly lower in low HMR group, indicating that reduced expression
of SERCA2 is associated with impaired cardiac sympathetic activity.

Figure 3. Relationship between the delayed 123I-MIBG HMR and the percentage change in LV dP/dtmax from the base‐
line to the peak or critical heart rate. (modified from [24])

This result indicated that the myocardial 123I-MIBG scintigraphy may reflect myocardial con‐
tractile reserve, and may be useful in non-invasively predicting residual contractile reserve.
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4.3. Prognosis and contractile reserve

LV contractility has been considered to be the most powerful predictor of prognosis in DCM.
Around 2000, an array of studies reported the association between LV contractile reserve and
prognosis, and the presence of contractile reserve came to be considered as the most powerful
prognostic predictor [10, 14 - 17].

We investigated the contractile reserve during dobutamine infusion in relation to the prognosis
in 52 patients with mildly symptomatic DCM. In the ΔLV dP/dtmax(10) <60% group, cardiac
events were significantly higher than in the ΔLV dP/dtmax(10) ≥60% group. Peak VO2 <18 (mL/
kg/min) (HR:3.18, p=0.029) and ∆LV dP/dtmax(10) <60% (HR:3.25, p=0.026) were comparable
predictors of cardiac events (Figure 4). This result indicated that evaluating the myocardial
contractile reserve in dobutamine stress testing and peak VO2 in cardiopulmonary exercise
testing may be complementary approaches to predict a prognosis of non-ischemic DCM.

 

In the peak VO2 <18 (mL/kg/min) group, cardiac events were significantly higher than in the peak VO2 ≥18 group. In
addition, cardiac events were significantly higher in the ΔLV dP/dtmax(10) <60% group than in the ΔLV dP/dtmax(10)
≥60% group. Peak VO2 <18 (HR:3.18, p=0.029) and ∆LV dP/dtmax(10) <60% (HR:3.25, p=0.026) were comparable pre‐
dictors of cardiac events.

Figure 4. Kaplan-Meier analysis of cardiac event-free survival in 52 DCM patients.
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Kasama S, et al. evaluated the LV response using dobutamine gated blood pool scintigraphy
in 22 DCM patients [20]. In the good response group to 15 µg/kg/min dobutamine (the presence
of contractile reserve; echocardiographic LV ejection fraction >5% improvement), LV systolic
function was significantly improved after 1 year of ß-blocker therapy. Cardiac sympathetic
nerve activity and New York Heart Association functional class also improved with cardiac
reverse remodeling. In addition, they investigated contractile reserve using 99mTc-tetrofosmin
quantitative gated single photon emission computed tomography (SPECT) and the similar
findings were shown [21].

4.4. Molecular biological significance and contractile reserve

Recently, we reported that dobutamine stress testing is a useful diagnostic tool for evaluating
adrenergic myocardial contractile reserve. This residual contractile reserve is related to alterd
myocardial expression of ß1-adrenergic receptor, SERCA2a, and phospholamban genes in
DCM [25]. In this study, 46 asymptomatic or mildly-symptomatic DCM patients were enrolled
and classified into 3 groups based on baseline LV ejection fraction and ΔLV dP/dtmax (Figure
5). The amounts of ß1-adrenergic receptor, SERCA2a, and phospholamban mRNA were
significantly smaller in group IIa and IIb than in group I (Table 1). This result indicated that
impaired contractile reserve by dobutamine stress testing may be associated with molecular
remodeling caused by the overactivation of sympathetic nerve system.

Patients were classified into 3 groups: group I (orange with black circles), ∆LV dP/dtmax >100% (LV ejection fraction
[LVEF] >25%); group IIa (orange circles), ∆LV dP/dtmax ≤100% and LVEF >25%; and group IIb (brown triangles), ∆LV
dP/dtmax ≤100% and LVEF ≤25%. [25]

Figure 5. Relation between baseline LV ejection fraction and LV dP/dtmax
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mRNA Group I Group IIa Group IIb
Beta1-AR 1.39 ± 0.68 0.71 ± 0.19* 0.66 ± 0.29*
Beta2-AR 1.29 ± 0.92 0.95 ± 0.18 0.91 ± 0.40
GRK2 1.54 ± 0.63 1.53 ± 0.26 1.59 ± 0.58
G5 alpha 1.18 ± 0.40 0.94 ± 0.17 1.04 ± 0.34
Gi2 alpha 0.78 ± 0.35 0.77 ± 0.15 0.85 ± 0.25
SERCA2a 0.60 ± 0.29 0.36 ± 0.08* 0.37 ± 0.12*
Phospholamban 0.82 ± 0.28 0.56 ± 0.12* 0.36 ± 0.16*
Ryanodine receptor-2 0.74 ± 0.42 0.56 ± 0.17 0.69 ± 0.23
Calsequestrin 1.34 ± 0.58 1.16 ± 0.25 1.30 ± 0.44

Na+/Ca2+ exchanger 1.69 ± 0.76 1.14 ± 0.14 1.46 ± 0.84

Data are means ± SD. *p <0.05 vs. group I.
AR = adrenergic receptor; GRK2 = G protein-coupled receptor kinase 2; mRNA
= messenger ribonucleic acid; SERCA2a = sarcoplasmic reticulum Ca2+ adenosine
triphosphatase 2a.

Data are means ± SD. * p<0.05 vs. group I.

AR= adrenergic receptor, GRK2+ G protein-coupled receptor kinase 2; mRNA = messenger ribonucleic acid; SERCA 2a =
sarcoplasmic reticulum Ca2+ adenosine triphosphate 2a.

Table 1. Relative Abundance of Contractile Regulatory Protein mRNAs in Endomyocardial Biopsy Specimens Relative
to the Corresponding Amount of Glyceraldehyde-3-Phosphate Dehydrogenase mRNA [25]

4.5. Latest findings about contractile reserve

At present, it is reported that the patients with non-ischemic DCM have an impairment of
coronary microcirculation and their coronary flow reserve is diminished [36, 37]. Skalidis EI,
et al. investigated the association between LV contractile reserve and coronary flow reserve
[38]. They studied 14 patients with idiopathic DCM and 11 control subjects. A significant
correlation between coronary flow reserve and the corresponding contractile reserve in the
vascular territory was reported. Interstingly, Otasevic P, et al. reported the relation of myo‐
cardial histomorphometric features in endomyocardial biopsy specimens and LV contractile
reserve assessed by dobutamine stress echocardiography [39]. It was revealed that myocyte
diameter and interstitial fibrosis strongly correlated with change in the wall motion score
index, followed by the change in LV ejection fraction. Recently, Yamada S, et al. invetigated
the association between myocardial blood volume and LV contractile reserve in 21 DCM
patients using myocardial contrast echocardiography [40]. Myocardial blood volume was not
correlated with any parameters of resting LV function, but significantly correlated with percent
increase in LV ejection fraction during dobutamine stress testing. They speculated in their
paper that myocardial histomorphometric features in DCM conceivably cause the reduction
in myocardial blood volume, being related to the depressed contractile reserve.
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5. Conclusions and future perspectives

As present, stress testing, especially by dobutamine infusion, is considered to be useful for
detecting residual contractile reserve in DCM. Myocardial contractile reserve is usually
detected by echocardiography, but sometimes evaluated by other modalities for accuracy, such
as quantitative gated SPECT, cardiac pool scintigraphy, and LV pressure analysis. A lot of
previous studies revealed that the presence of residual contractile reserve is associated with a
good prognosis and impaired contractile reserve is affected by multiple factors including, but
not limited to, exercise intolerance, cardiac sympathetic dysfunction, reduced myocardial
blood flow and histopathological changes. In addition, the possibility is suggested that
myocardial contractile reserve would predict a reversibility of LV dysfunction after initiation
of cardioprotective therapy. Evaluating residual contractile reserve may have key information
to predict response to interventional therapy. Therefore, further studies are required in order
to detect non-responders with no available future reverse remodeling.
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1. Introduction

Cardiomyopathy,  a  primary  cause  of  human  death,  is  defined  as  a  disease  of  the
myocardium, which results  in insufficient  pumping of  the heart.  It  is  classified into four
major  forms;  hypertrophic  cardiomyopathy  (HCM),  dilated  cardiomyopathy  (DCM),
restrictive  cardiomyopathy  (RMC),  and  arrhythmogenic  right  ventricular  cardiomyop‐
athy  (ARVC)  [1].  These  are  characterized  by  extensive  remodeling  of  the  myocardium
initially manifested as hypertrophy,  evidenced by an increase in the thickness of  the left
ventricular  wall  and  interventricular  septum  due  to  interstitial  fibrosis  and  enlarged
myocyte  size.  Following  hypertrophy  the  heart  muscle  reverts  to  a  dilated  state,
characterized  by  a  profound  expansion  of  the  intraventricular  volume  and  a  modest
increase in ventricular  wall  thickness [2].  These changes,  initially  compensatory,  eventu‐
ally  become maladaptive.

During the past  ~20 years,  several  mutations in genes encoding sarcomeric  proteins have
been  causally  linked  to  cardiomyopathies  [1].  Among  the  long  list  of  affected  proteins
are  three  members  of  the  family  of  giant  sarcomeric  proteins  of  striated  muscles:  titin,
nebulette,  a  member  of  the  nebulin  subfamily,  and  obscurin,  each  encoded  by  single
genes  namely  TTN,  NEBL,  and  OBSCN,  respectively  [3]-[10].  This  chapter  will  briefly
describe  the  molecular  structure  of  these  genes,  assisting  the  reader  to  excellent  de‐
tailed  reviews  when  appropriate,  and  further  provide  a  comprehensive  and  up-to-date
listing  of  the  mutations  that  have  been  identified  and  directly  linked  to  the  develop‐
ment of  cardiomyopathy.

© 2013 Ackermann and Kontrogianni-Konstantopoulos; licensee InTech. This is an open access article
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.



2. Titin

Titin, the largest member of the superfamily of giant sarcomeric proteins, is a 3-4 MDa protein
encoded by the single TTN gene. The 363 exons that make up TTN undergo extensive alter‐
native splicing resulting in the expression of several large variants of the protein [11]. A single
titin molecule spans a half sarcomere, with its NH2-terminus anchored to the Z-disc and its
COOH-terminus extending into the M-band [11]-[14]. Titin possesses a modular structure,
composed mainly of immunoglobulin (Ig) and fibronectin type III (FN-III) domains. Specifi‐
cally, its Z-disc portion is composed of Ig domains along with ~45-residue long repeats unique
to that region (Z-repeats) and possesses binding sites for several sarcomeric proteins (Figure
1) [7]. The portion of titin that spans the I-band is composed mainly of Ig domains intersected
by titin specific N2A and N2B regions along with several ~30-residue long PEVK repeats
(Figure 2). Titin’s I-band region holds binding sites for actin and thin filament proteins, as well
as docking sites for many signaling molecules [7]. Within its A-band portion, titin is organized
in repeats containing numerous FN-III domains interspersed by Ig domains, which provide
repetitive binding sites for myosin and thick filament associated proteins (Figure 3) [7]. The
portion of titin that extends into the M-band begins with a Ser/Thr kinase domain followed by
additional Ig domains and M-band specific insertions (Figure 4) [7]. Through this region, titin
interacts with many other structural proteins to form a scaffold at the M-band.

Within the sarcomere, titin, through its PEVK domain, functions as a “molecular spring,”
contributing to the biomechanical properties and structural integrity of striated muscle cells
during the contractile cycle [15], [16]. In addition, it acts as a “molecular blueprint” coordi‐
nating the assembly of structural, regulatory, and contractile proteins [17]. Given the elastic
nature and scaffolding role of titin, it is not surprising that mutations along the length of TTN
are intimately associated with the development of cardiomypathy.

To date, at least 107 mutations in TTN have been causally linked to HCM, DCM, and ARVC.
Many of these mutations occur within essential binding sites along its length, with a high
incidence of mutations occurring within the region that spans the A-band, disrupting the
ability of titin to bind to myosin thick filaments. The remaining mutations are present within
the extensible region of titin affecting its ability to respond to the constant stretching of the
sarcomere during repeating cycles of contraction and relaxation. Notably, 84 of these muta‐
tions, found exclusively in the I- and A-band regions of titin, alter the length of the protein.
Thus, mutations within TTN compromise the structural integrity of sarcomeres and lead to
impaired contractile activity of cardiac muscle cells.

2.1. Cardiomyopathy linked mutations within titin’s Z-disc region

The extreme NH2-terminus of titin is only mildly affected by cardiomyopathy-causing
mutations; only 4 missense mutations and 3 insertion/deletion (indel) polymorphisms have
been identified within the Z-disc portion of titin. A missense mutation identified in codon 54
leads to conversion of a valine residue to methionine (V54M) in the region encoding the first
Ig domain of titin [18]. The V54M mutation is located in the telethonin-binding domain of titin
and functional analysis revealed a decrease of titin’s ability to interact with telethonin in the

Cardiomyopathies64



presence of this mutation [18]. Sequencing of the DNA encoding the Z-disc region of titin in
patients with HCM revealed a G to T transversion in codon 740 that is located within the 7th

Z-repeat of titin and results in the replacement of an arginine residue with leucine (R740L) [19].
The mutation was not found in DNA from corresponding controls, suggesting it is not a
polymorphism. Yeast two-hybrid assays showed that the mutation increased binding to α-
actinin by ~40% [19]. Interestingly the opposite biochemical effect was observed in a father and
daughter with DCM where a point mutation in codon 743 resulting in an alanine to valine
(A743V) conversion in the Zq region of titin was identified [18]. The A743V mutation, which
is also localized within the α-actinin binding site on titin, significantly decreases the binding
capacity of titin for α-actinin [18]. Additionally, a kindred with autosomal dominant DCM was
analyzed and shown to have a point mutation in exon 18 encoding Ig4 that results in the
conversion of a tryptophan residue to arginine (W976R), but the functional consequence of
this mutation is currently unknown [20]. Recently, Golbus et al identified 3 indels within the
Z-disc portion of titin in a large population of individuals exhibiting cardiac disease [5]. Due
to the nature of this extensive study, phenotypic data regarding the subjects is unavailable,
however they have been linked to either DCM or HCM.

2.2. Cardiomyopathy linked mutations within the region of titin that spans the I-band region

To date, several mutations within the region of titin that spans the I-band have been linked to
DCM and HCM. In particular, three mutations within titin’s N2B region at the beginning of
its I-band portion have been identified. A missense mutation in the N2B region of titin (S3753Y)
was identified in two siblings with familial HCM [18], and shown to increase binding to four-
and-a-half-LIM domain protein 2 (FLH2) by ~26% in a yeast two-hybrid assay [21]. In addition,
in patients exhibiting a DCM phenotype a transversion of C to T in codon 4007 was found to
result in the conversion of a glutamine residue to an early termination codon (Q4007X), and
another missense mutation in codon 4417 was identified to replace a serine residue with an
asparagine (S4417N) [18]. The premature stop codon (Q4007X) occurs just prior to the binding

Figure 1. Schematic representation of the Z-disc region of titin, illustrating its motifs and cardiomyopathy associated
mutations. Insertions or deletions predicted to cause frame shifts (fs) and single amino acid deletions (del) are noted
in blue and yellow, respectively. Missense mutations are shown with a magenta background. Mutations in the TTN
gene within this region are shown relative to the domains in which they are found.
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site for FHL2 while the S4417N mutation decreases the binding capacity of titin for FHL2, as
determined by yeast two-hybrid studies [21]. Within titin’s PEVK region 3 missense mutations
have been identified in DCM and HCM patients (G3470D, R8500H, and R8604Q) [22], [23].
Mutations R8500H and R8604Q were shown to increase the binding capacity of titin for cardiac
ankyrin repeat protein (CARP) as determined by coimmunoprecipitation assays [22]. The
pathogenicity of the G3470D is still unknown, however. Moreover, using population based
studies of DCM and HCM patients, Golbus et al recently identified 9 indels within the portion
of titin that spans the I-band [5].

In a large study, using next generation sequencing, Herman et al analyzed 203 and 231 patients
with DCM and HCM, respectively and the corresponding control subjects for mutations in the
TTN gene [6]. The frequency of TTN polymorphisms was significantly higher in DCM than
HCM patients or normal subjects. Interestingly, of the mutations identified, all were shown to
cause alterations in full-length titin, many of which caused early termination. Two of these
truncations occurred as a result of missense mutations within the N2B region and also within
Ig94 following the PEVK region. In addition, several splice site donor/acceptor mutations were
found to cause truncations within the PEVK region and Ig85. The study also revealed 3 deletion
and 2 insertion mutations affecting the I-band region of titin. Specifically, frameshift mutations
within Ig11, 45, 61, and 85 alter the length of the protein, while a large duplication of exons
72-124 corresponding to Ig50 through the PEVK region increased TTN’s already large size by
~28kb. The functional significance of these mutations, which alter the length of full-length titin,
is currently unknown.

Studies linking TTN to the development of DCM and HCM date back about a decade, however,
it is only recently that TTN has been linked to ARVC. A recent study using DNA screening of
patients diagnosed with ARVC revealed 3 missense mutations along the I-band region of titin
[9]. The study identified a threonine to isoleucine transversion within codon 2896 (T2896I)
located in Ig16 as well as two mutations within the PEVK region (Y8031C and H8848Y).
Proteomic techniques revealed that the T2896I mutation reduces the structural stability of Ig16
and increases its propensity for degradation [9]. The pathogenicity of the other two mutations
has not yet been determined.

2.3. Cardiomyopathy linked mutations within titin’s A-band region

The region of titin spanning the A-band can be considered a “hot spot” for cardiomyopathy-
linked changes with an overwhelming 63 identified mutations. In the early 2000’s, Gerull et al
analyzed two siblings with autosomal dominant DCM and identified a unique mutation in
titin [20]. A 2-bp insertion mutation in exon 326, caused a frameshift at K20995 within Ig115
resulting in a premature stop codon leading to proteolytic degradation of titin, probably near
or within the PEVK domain, as determined by antibody labeling [20]. A few years later, the
same group discovered a frameshift mutation at A27460 within FN-III107, also resulting in a
premature stop codon, and proteolytic degradation of titin [24].

Recently, two additional insertions within FN-III domains present at the A-band have been
identified in patients with DCM. The first causes a frame shift at S19628 and the second a
frameshift at G26124 resulting in early termination within domains FN-III 42 and 97, respec‐
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tively [10]. In addition to the several length altering mutations noted within the I-band region
of titin by Herman et al, many more have been found within the region spanning the A-band
[6]. An astonishing 23 missense mutations have been identified to cause early termination
within several of the Ig and FN-III domains throughout the A-band. Another 11 spice site
donor/acceptor mutations were found to cause truncations throughout the A-band. In
addition, 13 deletion, 4 insertion, and 2 insertion/deletion mutations have been shown to cause
frameshifts in the coding region of titin, resulting in altered full-length titin protein. The
functional significance of these mutations is not yet known, however. Moreover, Golbus et al
recently identified 3 indels within the portion of titin that spans the A-band in a large popu‐
lation of individuals exhibiting cardiac disease [5]. Due to the nature of this extensive study
phenotypic data regarding the subjects in unavailable, however they have been linked to either
DCM or HCM.

In addition, 4 missense mutations affecting patients with ARVC have been identified within
the A-band region of titin. DNA screening of patients exhibiting signs of ARVC revealed 4
missense mutations affecting both FN-III and Ig domains along the A-band region of titin
(I16949T, A18579T, A19309S, P30847L) [9]. The molecular effects of these mutations have not
yet been determined.

Figure 2. Schematic representation of the I-band region of titin, illustrating its motifs and cardiomyopathy associated
mutations. Mutations in the TTN gene within this region are shown relative to the domains in which they are found.
Insertions or deletions predicted to cause frame shifts (fs) and single amino acid deletions (del) are noted in blue and
yellow, respectively. Missense mutations are shown with a magenta background. A red background indicates non‐
sense mutations resulting in premature stop codons (ter). Splice site donor/acceptor mutations are shown in green.
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Figure 3. Schematic representation of the A-band region of titin, illustrating its motifs and cardiomyopathy-associated
mutations. Mutations in the TTN gene within this region are shown relative to the domains in which they are found.
Insertions or deletions predicted to cause frame shifts (fs) and single amino acid deletions (del) are noted in blue and
yellow, respectively. A red background indicates nonsense mutations resulting in premature stop codons (ter). Splice
site donor/acceptor mutations are shown in green. Missense mutations are shown with a magenta background.

2.4. Cardiomyopathy linked mutations within the region of titin that extends into the M-
band

Similar to the NH2-terminus of titin, the COOH-terminus remains relatively unaffected by
cardiomyopathy causing mutations. A total of 6 mutations have been described within the
portion of titin that extends into the M-band. Sequencing of DNA from patients with DCM
and ARVC has identified 2 missense mutations localized to the M-band region of titin.
Specifically, in two related individuals exhibiting late-onset DCM, an arginine to glutamine
conversion at amino acid 32069 was identified (R32069Q) [21]. In addition, a patient diagnosed
with ARVC possessed a methionine to threonine transition at codon 33291 (M33291T) [9].
These mutations localize to Ig146 and Ig152, respectively, however, their pathogenicity has
not yet been determined. A recent study using population based analysis of DCM and HCM
patients, identified 2 indels within the M-band portion of titin [5]. Phenotypic data regarding
the subjects, as well as the mechanistic affects of the mutations are unavailable. Interestingly,
2 deletion mutations within the M-band region of titin were identified in 2 non-related families
exhibiting early onset myopathy, affecting skeletal muscle, with fatal cardiomyopathy.
Sequence analysis indicated a deletion mutation of 1 bp in exon 360 (Mex3) and an 8 bp deletion
in exon 358 (Mex1) [25]. Both deletions left the titin kinase domain intact but resulted in
premature stop codons at Ig domains 147 and 150 and a loss of the COOH-terminal 447 and
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808 amino acids, respectively. Genetic analysis showed the defects in the TTN gene to be
homozygous, leaving the heterozygote parents clinically unaffected. These mutations (1bp
deletion in exon 360 and an 8bp deletion in exon 358) in the TTN gene are the first to be
identified that produce both skeletal and cardiac muscle defects.

Figure 4. Schematic representation of the M-band region of titin, illustrating its motifs and cardiomyopathy-associat‐
ed mutations. Mutations in the TTN gene within this region are shown relative to the domains in which they can be
found. Insertions or deletions predicted to cause frame shifts (fs) and single amino acid deletions (del) are noted in
blue and yellow, respectively. Missense mutations are shown with a magenta background.

Although titin has been implicated in cardiomyopathies for over a decade, only recently has
its direct role begun to be expounded. Many of the follow-up results on identified cardiomy‐
opathy linked mutations of TTN indicate that these mutations can alter titin’s binding capacity
to its ligands, however, it remains to be proven that this is sufficient to cause DCM and HCM.
Further study of the functional consequences of the TTN mutations, especially those causing
truncated variants, using in vivo animal models is still necessary to elucidate titin’s role in
cardiomyopathies.

3. Nebulin

Nebulin is a giant (~500-800 kDa) sarcomeric protein of striated muscles [26]. Similar to titin,
nebulin is oriented longitudinally across the sarcomere, spanning the length of the thin
filament [27]. Its NH2-terminus extends to the pointed ends of thin filaments in the sarcomeric
I-band, and its COOH-terminus resides within the Z-disc [28]. The nebulin gene, NEB, contains
183 exons and is the product of extensive gene duplication, resulting in a protein of highly
repetitive domain structure [29]. Nebulin is mostly composed of tandem nebulin-repeats with
the central motifs organized as super-repeats. In addition, nebulin contains a glutamine rich
region at its NH2-terminus, as well as a serine rich region and a Src Homology 3 (SH3) domain
at its COOH-terminus. The organization of the nebulin repeats complements the periodicity
of actin filaments [28]. Consistent with this, alternative splicing of the NEB gene generates
proteins of different sizes, which correspond to thin filaments of various lengths [30], [31]. In
addition to its role in stabilizing thin filaments, nebulin has also been implicated as a regulator
of thin filament length [32], [33].
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Figure 5. Schematic representation of the nebulin superfamily members, illustrating their motifs and cardiomyopathy
associated mutations. Mutations in the NEBL gene are shown relative to the domains in which they are found. Mis‐
sense mutations are shown with a magenta background.

In addition to being a member of the family of large sarcomeric proteins of striated muscle,
nebulin is also a member of a family of actin-binding cytoskeletal proteins, which includes N-
RAP, nebulette, LASP-1, and LASP-2 (Figure 5). The unifying domain of nebulin family
members is the actin binding nebulin-repeat, of ~35 amino acids in length, each containing an
SDxxYK motif [34]. For the remainder of the chapter, we will focus on nebulette as it is the
only member of the nebulin family that has been linked to cardiomyopathies. Cardiac specific
nebulette is functionally similar to nebulin whereby it aids in the stabilization of actin filaments
[26]. Nebulette localizes to the Z-disc [35], where it interacts with the thin filament proteins
troponin and tropomyosin [36]. Mutations in the nebulettte gene, NEBL, which cause disrup‐
tion of the stabilization of the Z-disc, have been linked to the development of cardiomyopathy
[4], [8].

Nebulette’s involvement in cardiomyopathies was first identified in the early 2000’s when
Arimura et al screened NEBL paired normal subjects and patients with idiopathic dilated
cardiomyopathy (IDC) for mutations in the nebulette gene [4]. The study identified several
polymorphisms in NEBL with one variant showing a high frequency in patients with non-
familial IDC. Patients carrying this variant possess a missense mutation, N654K, in the 18th

nebulin repeat of nebulette. The mechanism by which this mutation causes disruptions in the
heart is unknown, however due to its location this mutation likely disrupts nebulette’s
incorporation into the Z-disc. Notably, this observation has brought about a new role for
nebulette as a genetic marker for patients with non-familial IDC.

Recently, more direct evidence for the involvement of nebulette in the development of heart
disease was demonstrated in several patients diagnosed with DCM [8]. Linkage analysis
revealed four sequence variations in the NEBL gene in regions encoding nebulin-repeats along
the length of the molecule. Specifically, variants K60N, Q128R, and G202R are located in
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nebulin-repeats that bind to F-actin and the tropomyosin-troponin complex, while A592E is
located in the region that is incorporated into the Z-disc. Variants K60N and G202R found in
nebulin-repeats 1 and 5, respectively, were identified in adult patients developing clinical
manifestations of DCM. On the contrary variant Q128R, located in nebulin-repeat 3, was
identified in a newborn patient diagnosed with DCM and endocardial fibroelastosis. The
remaining variant, A592E, located in nebulin-repeat 16 was also found in a newborn displaying
clinical features of DCM. In vivo studies using cardiac specific nebulette mutant mice were able
to recapitulate human cardiac disease phenotypes and begun to unravel the mechanisms by
which these mutations affect cardiac function [8]. Specifically, variants K60N and Q128R were
embryonic lethal with hearts exhibiting structural abnormalities. Additionally, mutant mice
carrying G202R or A592E variants resulted in left ventricular dilation and impaired cardiac
function. These functional defects were coupled with improper localization of mutant
nebulette resulting in dramatic structural alterations in I-band and Z-disc proteins. Taken
together these studies suggest that nebulette is required for normal maintenance of the
sarcomere and stability of the Z-disc and identifies NEBL as a contributor to the development
of ICD and DCM.

4. Obscurin

Obscurin is the third giant protein of the contractile apparatus of striated muscles. Similar to
titin and nebulin the obscurin gene, OBSCN, gives rise to a large (~720 kDa; obscurin A)
multidomain protein composed mainly of Ig and FN-III domains [7]. In addition, obscurin
possesses several signaling motifs within its COOH-terminal half, including an IQ motif, an
SH3 domain, as well as tandem Rho Guanine Nucleotide Exchange Factor (RhoGEF) and
Pleckstrin Homology (PH) motifs. Similar to TTN and NEB, OBSCN is also subjected to
alternative splicing giving rise to several isoforms of differing sizes (Figure 6) [37]. Specifically,
the OBSCN gene gives rise to another large isoform, referred to as obscurin-B, which has a
molecular mass of ~870 kDa. Obscurin B contains two serine/threonine kinase domains, which
replace the non-modular COOH-terminus of obscurin A. The kinase domains may be ex‐
pressed independently as smaller isoforms, containing one or both kinase domains (sMLCK
or tMLCK, respectively). Unlike its counterparts, obscurins surround the sarcomere at the level
of the Z-disc and M-band, where they are appropriately positioned to interact with several
ligands and participate in their assembly and integration into the sarcomere and internal
membrane systems [7]. Despite its large size, it is only recently that we learn of OBSCN’s
linkage to cardiomyopthies.

Although the role of OBSCN in cardiomyopthies is still unclear, several studies have docu‐
mented an upregulation of obscurins during cardiac hypertrophic responses to pressure
overload and myopathic responses to mutations in titin [38]-[40]. In addition, up-regulation
of different OBSCN gene products, including full length obscurin and several of the smaller
MLCK variants was reported to occur in mice with myocardial hypertrophy induced by aortic
constriction [38]. This increase in expression was mainly observed in obscurin isoforms that
contained the RhoGEF and kinase signaling motifs, and occurred early in the hypertrophic
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response and also during hypertrophic growth. Concurrent with this, targeted loss of the
obscurin RhoGEF domain resulted in myocytes lacking intercalated discs and in more severe
cases in failure of the contractile filaments to organize into mature sarcomeres [41]. It is likely
that upregulation of obscurins, is associated with the increase in contractile structures observed
during hypertrophy, however, the mechanism by which this occurs remains unresolved.

More direct evidence for the involvement of OBSCN in the development of heart disease was
demonstrated in a single patient with HCM [3]. Linkage analysis revealed a sequence variation
in the OBSCN gene in the region encoding the site of interaction for the Z-disc region of titin
(Ig58/59), specifically an R4344Q variant in the Ig58 domain of obscurin. In vitro studies showed
that this variant resulted in decreased binding of obscurin to titin as well as mis-localization
of obscurin to the Z-disc. Despite this single case, it suggests that, like titin and nebulette,
mutations in the OBSCN gene lead to the development cardiomyopathies.

Figure 6. Schematic representation of the obscurin isoforms, illustrating their motifs and cardiomyopathy associated
mutation. The missense mutation in the OBSCN gene is shown relative to the domain in which it is localized with a
magenta background.

5. Concluding remarks

Over two decades ago the first HCM-causing mutation in a sarcomeric gene was identified in
β-myosin heavy chain. Since then both HCM and DCM have come to be known as diseases of
the sarcomere. In fact, sarcomeric dysfunction is the underlying cause of many genetically
mediated HCM and DCM disorders and accounts for ~60% of HCM and ~10-20% of DCM
reported cases [42]-[45]. To date, more than 1500 distinct mutations of sarcomeric proteins have
been linked to cardiomyopathies [46], [47]. Given the many roles that have been described for
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titin, nebulette, and obscurin in cardiac muscle, and the effects of the identified mutations in
their localization, activity, and regulation, it is not surprising that many human diseases of
heart muscle have been linked to these proteins. Notably, a striking 50 missense mutations
within TTN, NEBL, and OBSCN (Table 1) with an additional 16 splice site donor/acceptor
mutations (Table 2) and 47 deletion or insertion mutations within TTN (Table 3) have been
associated with the development of different forms of cardiomyopathy. The severity of these
diseases can vary from moderate to severe, depending on the nature of the mutation. The
characterization of these mutations and their effects on cardiac pathophysiology is just
beginning to be elucidated, however it is clear that this is just the tip of the iceberg. Under‐
standing how these mutations alter sarcomeric structure and contractile activity could aid in
improving clinical diagnosis and developing individualized therapies for cardiomyopathic
patients.

Missense Mutations of Titin, Nebulette, and Obscurin

Disease Mutation
Region on

Protein
Sarcomeric

Region
Effect Reference

Mutations of TTN

DCM V54M* Ig1 Z-disc Reduced binding to telethonin [18]

HCM R740L* Z-repeat 7 Z-disc Increase binding to α-actinin [19]

DCM A743V* Zq region Z-disc Reduce binding to α-actinin [18]

DCM W976R* Ig4 Z-disc Unknown [20]

ARVC T2896I* Ig16 I-band Unknown [9]

HCM S3753Y# N2B I-band Increase binding to FLH2 [18]

DCM Q4007X# N2B I-band Truncation of titin [18]

DCM Q4249X^ N2B I-band Truncation of titin [6]

DCM S4417N# Ig24 I-band Decrease binding to FHL2 [18]

DCM G3470D* PEVK I-band Unknown [23]

ARVC Y8031C* PEVK I-band Unknown [9]

HCM R8500H* PEVK I-band Increase binding to CARP [22]

HCM R8604Q* PEVK I-band Increase binding to CARP [22]

ARVC H8848Y* PEVK I-band Unknown [9]

DCM C13771X^ Ig94 I-band Truncation of titin [6]

DCM G16189X^ FNIII17 A-band Truncation of titin [6]

DCM W16359X^ Ig100 A-band Truncation of titin [6]

DCM R17295X^ FNIII25 A-band Truncation of titin [6]

DCM R17470X^ Ig103 A-band Truncation of titin [6]

DCM E17783X^ Ig104 A-band Truncation of titin [6]

ARVC I16949T* FNIII29 A-band Unknown [9]

DCM C18789X^ FNIII36 A-band Truncation of titin [6]
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Missense Mutations of Titin, Nebulette, and Obscurin

Disease Mutation
Region on

Protein
Sarcomeric

Region
Effect Reference

DCM R18858X^ Ig107 A-band Truncation of titin [6]

DCM R18985X^ FNIII37 A-band Truncation of titin [6]

ARVC A18579T* FNIII41 A-band Unknown [9]

DCM R19560X^ Ig109 A-band Truncation of titin [6]

ARVC A19309S* Ig111 A-band Unknown [9]

DCM R20858X^ FNIII51 A-band Truncation of titin [6]

DCM Q25689X^ Ig125 A-band Truncation of titin [6]

DCM W26632X^ FNIII94 A-band Truncation of titin [6]

DCM R26949X^ FNIII96 A-band Truncation of titin [6]

DCM K27016X^ FNIII97 A-band Truncation of titin [6]

DCM W27147X^ Ig129 A-band Truncation of titin [6]

DCM Y27567X^ FNIII100 A-band Truncation of titin [6]

DCM W29318X^ Ig134 A-band Truncation of titin [6]

DCM R29415X^ FNIII114 A-band Truncation of titin [6]

DCM E29510X^ FNIII115 A-band Truncation of titin [6]

DCM Q30081X^ FNIII119 A-band Truncation of titin [6]

DCM R31195X^ FNIII127 A-band Truncation of titin [6]

DCM K31371X^ FNIII129 A-band Truncation of titin [6]

ARVC P30847L* FNIII131 A-band Unknown [9]

DCM S31841X^ FNIII131 A-band Truncation of titin [6]

DCM R32069Q* Ig146 A-band Unknown [21]

ARVC M33291T* Ig152 A-band Unknown [9]

Mutations of NEBL

DCM K60N Repeat 1 Sarcomeric structural abnormalities [8]

DCM Q128R Repeat 3 Sarcomeric structural abnormalities [8]

DCM G202R Repeat 5 Disruption of I-band and Z-disc proteins [8]

DCM A592E Repeat 16 Disruption of I-band and Z-disc proteins [8]

IDC N654K Repeat 18 Unknown [4]

Mutations of OBSCN

HCM R4344Q Ig58 Loss of titin Binding [3]

Table 1. Listing of missense mutations found in TTN, NEBL, and OBSCN that have been causally linked to the
development of cardiomyopathies. Sequences correspond to the following accession numbers: NM_133378.4*,
NM_003319.4#, and NM_001256850.1^ for titin; NM_006393.2 for nebulette; and NM_052843.2 for obscurin. DCM:
dilated cardiomyopathy, HCM: hypertrophic cardiomyopathy, ARVC: arrhythmogenic right ventricular
cardiomyopathy, IDC: idiopathic dilated cardiomyopathy
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Splice Site Donor/Acceptor Mutations of Titin

Disease Mutation Region on Protein Sarcomeric Region Effect Reference

Mutations of TTN

DCM IVS118-g>a^ PEVK I-band Unknown [6]

HCM IVS155+g>t^ PEVK I-band Unknown [6]

DCM IVS172-g>c^ PEVK I-band Unknown [6]

DCM IVS172+g>a^ PEVK I-band Unknown [6]

DCM IVS185-2a>g^ Ig85 I-band Unknown [6]

DCM IVS230+g>t^ FNIII19 A-band Unknown [6]

DCM IVS237+3a>g^ FNIII22 A-band Unknown [6]

DCM IVS253-5t>a^ Ig106 A-band Unknown [6]

DCM IVS254-g>a^ FNIII41 A-band Unknown [6]

DCM IVS255+g>a^ Ig109 A-band Unknown [6]

DCM IVS271+5g>a^ FNIII53 A-band Unknown [6]

DCM IVS274-2a>g^ FNIII55 A-band Unknown [6]

DCM IVS276+5g>c^ FNIII99 A-band Unknown [6]

DCM IVS277+g>a^ FNIII100 A-band Unknown [6]

DCM IVS279+2t>a^ FNIII102 A-band Unknown [6]

DCM IVS302+g>c^ FNIII128 A-band Unknown [6]

Table 2. Listing of splice site donor/acceptor mutations found in TTN that have been causally linked to the
development of cardiomyopathies. Sequence correspond to accession number NM_001256850.1^ for titin. DCM:
dilated cardiomyopathy, HCM: hypertrophic cardiomyopathy, IVS: intron

Deletion and Insertion Mutations of Titin

Disease Mutation Amino Acid
Region on

Protein
Sarcomeric

Region
Effect Reference

Deletion Mutations

DCM 6247 del g^ R2083fs Ig11 I-band Unknown [6]

DCM 19183 del g^ S6395fs Ig45 I-band Unknown [6]

HCM 23798-23810 del gtcaagatatctg^ G7933fs Ig61 I-band Unknown [6]

DCM 44336 del a^ E14779fs FNIII6 A-band Unknown [6]

DCM 44725 del t^ D14909fs FNIII8 A-band Unknown [6]

DCM 45322 del t^ F15108fs FNIII10 A-band Unknown [6]

DCM 53935 del c^ E17978fs FNIII20 A-band Unknown [6]

HCM 60147 del c^ P20049fs FNIII45 A-band Unknown [6]

DCM 64925 del t^ K21640fs FNIII57 A-band Unknown [6]

DCM 65867 del a^ E21956fs FNIII59 A-band Unknown [6]

DCM 67745 del t^ P22582fs FNIII64 A-band Unknown [6]

DCM 81536-81537 del ct^ S27179fs Ig129 A-band Unknown [6]

DCM 84977-84980 del atta^ Y28326fs FNIII106 A-band Unknown [6]

DCM 82381 del g* A27460 FNIII107 A-band Truncation of titin [24]

DCM 89180-89184 del ttaaa^ T29725fs FNIII116 A-band Unknown [6]
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Deletion and Insertion Mutations of Titin

Disease Mutation Amino Acid
Region on

Protein
Sarcomeric

Region
Effect Reference

DCM 91043 del a^ N30348fs FNIII121 A-band Unknown [6]

DCM 93376-93377 del ag^ R31126fs Ig139 A-band Unknown [6]

DCM 97824-97831 del agtgacca* A32606fs Ig147 M-band Unknown [6]

DCM 98964 del a* K32987fs Ig150 M-band Unknown [6]

Insertion Mutations

DCM 38621 ins a^ A12873fs Ig85 I-band Unknown [6]

DCM 28kb duplication of ex 72-124^ Ig50-PEVK I-band Unknown [6]

DCM 53145 ins g^ E17715fs FNIII28 A-band Unknown [6]

DCM 58880 insert a* S19628fs FNIII42 A-band Truncation of titin [10]

DCM 62986-62987 ins at ex. 326* K20995fs Ig115 A-band Truncation of titin [20]

DCM 72178 ins t^ Q24059fs FNIII75 A-band Unknown [6]

DCM 78372 ins a* G26124fs FNIII97 A-band Unknown [10]

DCM 90493 ins cct^ T30165fs FNIII120 A-band Unknown [6]

DCM 91537 ins a^ T30513fs FNIII122 A-band Unknown [6]

Indel (Insertion/Deletion) Mutations

276 del g ins gt^ T92fs Ig1 Z-disc Unknown [5]

594-598 del actt ins a^ E198del Ig2 Z-disc Unknown [5]

1458 del c ins ct^ A486fs Z-repeat 2 Z-disc Unknown [5]

6131 del c ins ct^ E2044fs 3’ to Ig9 I-band Unknown [5]

28509-28513 del ctct ins c^ E9503del Ig77 I-band Unknown [5]

30939 del gt ins g^ T10313fs PEVK I-band Unknown [5]

31566 del a ins ag^ A10522fs PEVK I-band Unknown [5]

31605 del tc ins t^ K10535fs PEVK I-band Unknown [5]

34329-34347 del
tttcctcttcaggagcaa ins t^

I11443-E11449del PEVK I-band Unknown [5]

35760 del a ins ag^ T11920fs PEVK I-band Unknown [5]

36267-36271 del cagg ins c^ P12089del Ig80 I-band Unknown [5]

39252-39254 del ttc ins t^ E13084fs Ig86 I-band Unknown [5]

65988 del gc ins g^ G21996fs Ig115 A-band Unknown [5]

DCM 67057-67063 del gcatatg ins ta^ A22353fs Ig116 A-band Unknown [6]

DCM 72723-72739 del a ins aga^ S24241fs Ig121 A-band Unknown [6]

77025 del a ins ag^ L25675fs Ig125 A-band Unknown [5]

86694-86697 del ttaa ins t^ K28898del Ig133 A-band Unknown [5]

97995-97998 del actt ins t^ K32665del Ig144 M-band Unknown [5]

101133 del ga ins g^ S33711fs Ig148 M-band Unknown [5]

Table 3. Listing of deletion and insertion mutations found in TTN that have been causally linked to the development
of cardiomyopathies. Sequences correspond to the following accession numbers: NM_133378.4* and
NM_001256850.1^ for titin DCM: dilated cardiomyopathy, HCM: hypertrophic cardiomyopathy, del: deletion, ins:
insertion, fs: frameshift
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Na/K-ATPase Signaling and the Tradeoff
Between Natriuresis and Cardiac Fibrosis
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1. Introduction

The care of patients with chronic renal insufficiency continues to be complicated by significant
cardiovascular dysfunction causing substantial morbidity and mortality. These patients
develop cardiovascular disease that is characterized by left ventricular dysfunction and left
ventricular hypertrophy (LVH). It has been demonstrated that patients with chronic renal
insufficiency develop elevated levels of cardiotonic steroids (CTS) such as marinobufagenin
(MBG) in an effort to promote natriuresis and resolve the volume expansion associated with
renal insufficiency and cardiac failure. In this review we will try to elucidate the mechanisms
involved in the pathogenesis of uremic cardiomyopathy and the role of CTS in cardiac fibrosis.

2. Renal failure and cardiotonic steroids

Patients with renal insufficiency continue to demonstrate significantly high risk of cardiovas‐
cular disease with an associated mortality exceeding 50% cardiovascular causes including
sudden cardiac death and heart failure [1]. While end stage renal disease confers a high risk
of complications those patients with a more modest degree of renal insufficiency (stage 2 and
stage 3) continue to have high risk of cardiac events including heart failure, arrhythmia,
coronary events and sudden cardiac death all independent of traditional risk factors such as
diabetes, hypertension and hyperlipidemia. The cardiac dysfunction most commonly manifest
as diastolic dysfunction and left ventricular hypertrophy although systolic dysfunction can
occur as a natural progression [2].

In the past there has been substantial interest and research related to digitalis-like substances
(DLS) their accumulation in chronic renal failure and pathology associated with elevated
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circulating levels. Patients with chronic renal failure frequently developed antibodies to
digoxin despite no administration of the drug [3, 4]. These DLS were later characterized as
cardiotonic steroids and are significantly elevated due to decreased glomerular filtration and
increased endogenous production. These endogenous ligands have been found to significantly
alter renal sodium handling, inotropic activity and vascular tone [5, 6].

Cardiotonic steroids are known to play a key role in sodium excretion in response to volume
expansion. Their effect is primarily mediated through binding to the Na/K-ATPase, a ubiqui‐
tous membrane ion transporter and a crucial protein in controlling the electrochemical
gradient in cells. Recently, our understanding of the interaction between cardiotonic steroids
and the Na/K-ATPase has undergone re-evaluation, and it has since been proposed that this
binding leads to the generation of a signaling cascade, which not only produces the natriuretic
response in dealing with volume expansion, but may also offer an explanation for the pro-
fibrotic effects of cardiotonic steroids.

For many years, the understanding of renal physiology and the kidney’s role in maintaining
volume homeostasis revolved around the renin-angiotensin-aldosterone pathway, its effects
on the glomerular filtration rate as well as contributions from the sympathetic nervous system.
Standard therapies offered for congestive heart failure are mostly limited to modulation of this
neurohumoral axis through drug therapy. However, this has been inadequate in explaining
how volume expansion is handled by the body [7, 8]. In 1961, de Wardener introduced an
entirely new concept in renal hemodynamics when he discovered that kidneys were still able
to increase sodium excretion after saline infusion despite controlling glomerular filtration rate
and aldosterone [9]. Thus, it was proposed that a “Third Factor” was also in play, named for
its discovery after glomerular filtration rate (Factor-1) and aldosterone (Factor-2). Uncovering
this “Third Factor” galvanized great interest over the next two decades, and significant
contributions from Schrier, Kramer, Bricker, Gruber, and others resulted in our current
understanding that the “Third Factor” was in fact a circulating endogenous digitalis-like
substance, now commonly referred to as a cardiotonic steroid (CTS) [10-14]. CTS include plant-
derived cardenolides such as ouabain and digoxin, and amphibian-derived bufadenolides
such as marinobufagenin and proscillaridin A [15-18]. Ouabain and marinobufagenin were
identified as endogenous hormones after they were detected in human plasma and urine
[15-19]. Coincidentally, along with the fervent CTS research in renal physiology, many
scientists were also interested in the role ouabain played as an ionotropic agent in myocardium.
In 1963, Repke was the first to suggest the Na/K-ATPase was a receptor for these drugs [20].
Since then, extensive studies from many laboratories revealed that these compounds were
specific ligands for the Na/K-ATPase, and in fact, produced their natriuretic and ionotropic
effects through binding to the Na/K-ATPase [21].

2.1. Na/K-ATPase inhibition and CTS-regulated natriuresis

The Na/K-ATPase was discovered in 1957 by Jens Skou through his studies on crab nerves, and
is a member of the P-type ATPase family responsible for the exchange of Na and K ions across
cell membranes via the hydyolysis of ATP [22]. Its structure and function has since been exten‐
sively studied. It consists of a non-covalently linked alpha and beta subunit, of which multiple
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isoforms in various combinations exist [23]. Four alpha isoforms and three beta isoforms have
been identified and their expression is tissue-specific, as well as their sensitivity to CTS. The al‐
pha-1 isoform appears to be the main functional receptor for CTS in the kidney [24-28].

When de Wardener first considered the possibility of a “Third Factor,” ion pumping was the
only function attributed to the Na/K-ATPase. Thus classically, the mechanism of CTS-induced
natriuresis was understood as follows: volume expansion or a salt-heavy diet leads to an
increase in circulating CTS, which in turn results in the inhibition of the Na/K-ATPase in the
nephron, specifically, its ion pumping ability. Consequently, cytosolic Na+ begins to rise, and
eventually this disruption in the Na+ gradient across the cell membrane decreases Na reab‐
sorption in the renal proximal tubules (RPT) leading to increased sodium excretion. Systemi‐
cally, increased levels of CTS also inhibit the Na/K-ATPase in vasculature, thereby altering
intracellular Na gradients in vascular smooth muscle cells. This indirectly leads to the
inhibition of the Na/Ca exchanger causing intracellular calcium in these smooth muscle cells
to rise as well [29-31]. Chronically, this leads to an important trade-off. Despite its pivotal role
in renal salt handling, this pathway has substantial consequences in the vasculature and has
been implicated in the pathogenesis of hypertension [29-31] (Figure 1).
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Figure 1. Ionic Mechanism for CTS Induced Hypertension
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2.2. CTS and Na/K-ATPase-mediated signal transduction

In the late 1990’s, Xie and colleagues suggested that the Na/K-ATPase had an additional
signaling function in addition to its  transportation of  ions.  He proposed that  instead of
only  inhibiting  the  pumping  activity  of  the  Na/K-ATPase,  CTS  also  bound  to  a  non-
pumping pool of Na/K-ATPase residing in caveolae [32]. This subset of Na/K-ATPase in‐
nately  held Src,  a  non-receptor  tyrosine  kinase,  in  an inactive  state.  With the  structural
change  induced by  CTS binding,  Src  was  subsequently  released and activated.  In  turn,
EGFR became transactivated and a number of additional downstream targets in the sig‐
naling  cascade  such  as  Ras/Raf/MAPK,  PI3  kinase/Akt,  phospholipase  C/PKC,  and  the
generation of ROS have been identified [33-40].

3. Uremic cardiomyopathy

It is well substantiated that cardiovascular mortality remains the leading cause of death in
patients with end stage renal disease with the majority of the cases due to sudden cardiac death
and coronary events [1]. While traditional risk factors associated with cardiac dysfunction exist
in patients with renal failure the risk conferred can exceed twice that of normal patients [41].
The risk of cardiovascular disease is not limited to those with end stage renal failure but rather
confers a gradual risk of increased cardiovascular and all-cause mortality as glomerular filtrate
rate declines and albuminuria increases [42]. Systolic dysfunction in these patients have been
less consistently demonstrated [43] but rather the development of LVH is more common and
may be a predictor of higher mortality related to arrhythmia and sudden death in patients on
dialysis [44]. The myocardial fibrosis initially described with uremia as early as 1943 by Rossle
and later characterized by Ritz et al has a pivotal role in the development of uremic cardio‐
myopathy [45]. While traditional thought regarding cardiac fibrosis revolved around a
reparative process related to myocardial necrosis; early fibrosis after subtotal nephrectomy
without myocardial necrosis has been demonstrated suggesting the potential for a reactive
process rather reparative. Mall and colleagues utilizing a uremic cardiomyopathy model in
rats demonstrated that interstitial volume density increased with a resultant decrease in the
capillary volume. Additionally, cytoplasmic and nuclear swelling occurred whereas the
endothelial cells remained unchanged [46]. This reactive cardiac fibrosis can explain the
alterations in left ventricular compliance in addition to the electrical conduction abnormalities
causing arrythmogenic potential. The risk factors in patients with chronic renal failure believed
to be involved in cardiac fibrosis and LVH include anemia, activation of the RAS aldosterone
system, oxidative stress, hyperparathyroidism, hypertension and cardiotonic steroids.

4. Natriuresis versus fibrosis—A new trade-off model

The activation of Na/K-ATPase signaling by CTS also appears to be responsible for the
coordinated inhibition of Na+ transporters in the nephron resulting in natriuresis. This concept
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is not without precedence. Dopamine, another known natriuretic hormone, increases sodium
excretion through signal transduction by mediating the synchronized downregulation of
basolateral Na/K-ATPase and apical Na/H antiporter isoform-3 (NHE3) after binding to D1
and D2 receptors in the nephron [47, 48]. Similarly, Liu and Shapiro as well as others noted
that CTS at physiological concentrations activated the previously described signaling cascades,
resulting in the endocytosis of both the basolateral Na/K-ATPase and apical NHE3 in cultured
renal epithelial cells. As a result, this redistribution of membrane Na+ transporters in RPTs
leads to a reduction in sodium reabsorption and increased sodium excretion [49-53].

Support for this theory has also been demonstrated in vivo. Lingrel first established that
ouabain binding to the Na/K-ATPase is crucial in the natriuretic response of the kidney.
His laboratory developed ouabain-sensitive mice by incorporating a mutation in the oua‐
bain receptor domain of the mouse alpha-1 Na/K-ATPase and noted that saline infusion
increased the natriuretic response in ouabain-sensitive in comparison to ouabain-resistant
mice [54]. More recently, Nascimento showed that bufalin—another derivative of the bu‐
fadenolides—required  Na/K-ATPase  signaling  in  order  to  produce  natriuretic  effects  in
isolated  rat  kidneys  [55].  Studies  from  our  laboratories  also  found  that  high-salt  diets
cause  the  endocytosis  of  Na/K-ATPase  in  rat  proximal  tubules,  correlating  with  an  in‐
crease in Na+ excretion [56]. More recently, we demonstrated that high-salt diets in Dahl
salt-resistant  mice  (R)  induced  the  endocytosis  of  RPT  Na/K-ATPase  and  NHE3  trans‐
porters  concurrent  with  increased  Src  activity.  In  contrast,  Na/K-ATPase  signaling  was
not activated in Dahl salt-sensitive mice (S) [57].

To re-emphasize, natriuresis due to Na/K-ATPase signaling is a markedly different model from
that of the classic pathway. Here, intracellular Na+ is unaffected by the coupling of CTS to the
Na/K-ATPase, and instead, signal transduction is responsible for the effects on Na+ transport
in RPTs. This alternate pathway also presents distinct tradeoffs from those of the classic
pathway (i.e. hypertension). More specifically, natriuresis through CTS-Na/K-ATPase
signaling appears to lead to the development of fibrosis in cardiac and renal organs. Of note,
previous experiments have already implicated CTS in the hypertrophic growth of cardiac cells
[58-65]. Also taking into account the well-established effects of the Src tyrosine kinase in cell
growth and differentiation, it is conceivable to suggest a role of CTS in organ remodeling.
Remarkably, this phenomenon of fibrosis development has recently been supported by both
in vivo and in vitro studies from our laboratory and others.

Using partial (5/6th) nephrectomy models, which have been utilized for many years to simulate
renal failure, we noted that the development of cardiac fibrosis in both rats and mice was
mediated by an increase in systemic oxidative stress as well as increased levels of circulating
MBG [2, 66-68]. Presumably, this suggests that the CTS-induced fibrosis appears to be
dependent on Na/K-ATPase signaling leading to the generation of ROS, thus causing oxidative
stress to cardiac and renal tissues. This finding in the animal models corresponded to evidence
of signaling through the Na/K-ATPase as we detected activation of both Src and MAPK
phosphorylation in the fibrotic cardiac tissue [2, 67]. These results were similarly demonstrated
in rats subjected to MBG infusion [2, 67]. Remarkably, after adrenalectomy to lower circulating
levels of MBG and active immunization against an MBG-albumin conjugate, cardiac fibrosis
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was significantly reduced in both partial nephrectomy and MBG-infusion experimental
groups [2, 66-68].

In a separate set of experiments, Wansapura subjected genetically altered ouabain-sensitive
mice (originally developed by Lingrel) to aortic banding in order to simulate a pressure
overload model. After four weeks, the ouabain-sensitive group was noted to have developed
substantially greater cardiac hypertrophy and fibrosis compared to ouabain-resistant (wild-
type) mice. Furthermore, the administration of Digibind to the ouabain-sensitive mice
diminished these cardiac changes [69].

Additional in-vivo data support the potential for a more significant reversal of cardiotonic
steroid associated hypertension, cardiac hypertrophy and oxidative stress through utilization
of a monoclonal antibody (mAb). Haller subjected partially nephrectomized rats demonstrat‐
ing elevated levels of MBG to mAb with a high affinity for MBG and Digibind. Both treatments
resulted in significant improvement in cardiac hypertrophy, hypertension and measures of
oxidative stress. While both therapies demonstrated similar responses there were significantly
better results with the MGG directed monoclonal antibody [70].

Furthermore, in cultures of rat cardiac and renal fibroblasts as well as human dermal fibro‐
blasts, we found that both ouabain and MBG were able to directly increase collagen production
and proline incorporation [67, 71, 72]. By inducing a translocation of PKC to the nucleus, MBG
appears to cause the subsequent phosphorylation and degradation of Friend leukemia
integration-1 (Fli-1), which Watson and colleagues have demonstrated is a negative regulator
of collagen synthesis in dermal fibroblasts [71, 73]. In fact, we found MBG reduced Fli-1
expression and increased procollagen-1 in all three of our fibroblast cell lines (cardiac, renal,
dermal) [71]. Furthermore, MBG infusion stimulates the expression and nuclear translocation
of Snail, a transcription factor involved in epithelial-mesenchymal transition, which is
implicated in renal fibrosis [74].

Similar to the animal studies, these findings in cell culture have corresponded with increased
Na/K-ATPase signaling activity and the generation of ROS, which notably was successfully
blocked by both ROS scavengers and Src inhibitors [67]. In addition, we examined the effects
of spironolactone—known to be a competitive antagonist of CTS binding to the Na/K-ATPase
—as well as its major metabolite, canrenone. Corroborating with our hypothesis, we found
that spironolactone significantly attenuated cardiac fibrosis in the renal failure models, and
both spironolactone and canrenone reduced collagen production in cardiac fibroblasts. It was
further demonstrated that MBG-induced Na/K-ATPase signaling was blocked in these
experiments [75].

5. Conclusions

Endogenous circulating CTS such as ouabain and MBG are known to be upregulated in the
body’s stress response towards volume expansion. Binding to its receptor—the Na/K-ATPase
—leads to increased sodium excretion in the proximal tubules of the nephron. Whether this is
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accomplished through the classic ionic pathway, the alternate signaling pathway, or both is
still debated; however, its effect on re-establishing volume homeostasis is undeniable. Like
many other physiological processes, the fine-tuning of one pathway may result in unintended
consequences elsewhere in the body. In the case of CTS-induced natriuresis through Na/K-
ATPase signaling, the tradeoff is apparent in the development of cardiac and renal fibrosis as
demonstrated both in vivo and in vitro (Figure 2). Because the fibrosis appears to be dependent
on Na/K-ATPase signaling, the generation of ROS, and subsequent oxidative stress to cardiac
and renal tissues, this creates the potential for both new and old drugs to target and block the
signaling cascade. ROS scavengers, Src inhibitors, spironolactone, and canrenone have already
demonstrated exciting possibilities in our experiments. Further research in developing more
specific CTS antagonists as well as whether this concept can be extrapolated to humans needs
to be explored. Interestingly, in the late 1990’s and early 2000’s, Pitt and colleagues conducted
the Randomized Aldactone Evaluation Study (RALES), followed by the Eplerenone Post–
Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS) and
determined that spironolactone and eplerenone, respectively, were cardioprotective in
patients with advanced stages of congestive heart failure [76, 77]. More recently, the Eplere‐
none in Mild Patients Hospitalization and Survival Study in Heart Failure (EMPHASIS-HF)
and the Anti-Remodeling Effect of Canrenone in Patients with Mild Chronic Heart Failure
(AREA IN-CHF) trials found further therapeutic benefit in patients with mild (NYHA Class
II) CHF [78, 79]. These clinical studies proposed that the anti-aldosterone effects were primarily
responsible for the reduction in morbidity and mortality; however, it is certainly plausible to
speculate whether these drugs as Na/K-ATPase signaling inhibitors may have also played a
role. Nonetheless, CTS-induced signaling through the Na/K-ATPase is a significant and novel
link in balancing the hemodynamics of salt handling and the development of fibrosis.
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Chapter 6

Dobutamine-Induced Mechanical Alternans

Akihiro  Hirashiki and Toyoaki  Murohara

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55003

1. Introduction

Mechanical alternans (MA) is a mysterious phenomenon. MA, a condition characterized by
beat-to-beat oscillation in the strength of cardiac muscle contraction at a constant heart rate,
has been observed in patients with severe heart failure and in animal models of this condition.
Although MA is rare under resting conditions in individuals with controlled heart failure, at
higher heart rates it is more prevalent and likely to be sustained, as exemplified by pacing-
induced MA or dobutamine-induced MA. However, few studies have addressed the clinical
implications of dobutamine-induced MA in patients with heart failure. We therefore prospec‐
tively examined and compared the prognostic value of dobutamine- and pacing- induced MA
in ambulatory patients with idiopathic dilated myocardiopathy (IDCM) in sinus rhythm.[1]
Furthermore, this review addresses the clinical circumstances, relevance of MA, current
understanding with ideas about its mechanism, and some future perspectives.

2. Mechanical Alternans (MA)

2.1. History of MA

Phenomenon of alternating weak and strong beats observed in a heart which is contracting
with constant intervals between beats. It has a long history. Experimental descriptions first
appeared over a century ago, and since then there has been a sustained debate among clinicians
and physiologists about its origins and clinical significance. A clinical description of an
alternating pulse by Traube is often quoted as appearing earlier. [2] However, careful inspec‐
tion of his figure shows alternating interbeat intervals. In fact, Traube himself commented on
the alternation of intervals and used the term "bigeminus" in the title of his report, although
the true nature of this arrhythmia can only be guessed at since the electrocardiograms had yet

© 2013 Hirashiki and Murohara; licensee InTech. This is an open access article 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.



to be invented at the time when Traube reported his case. MA has been studied in the intact
human and animal heart, in isolated muscle preparations, and most recently in isolated cardiac
muscle cells.

2.2. Induction of MA

The  ability  to  induce  MA  by  rapid  driving  frequencies  appears  to  be  a  fundamental
property  of  mammalian  ventricular  muscle.  Experimental  studies  have  shown  that  by
varying the pacing cycle length over a wide range, it is possible to define a critical cycle
length  (threshold)  for  the  induction  of  sustained  MA.[3]  Driving  the  heart  at  cycle
lengths shorter than the threshold cycle length may increase the amplitude of the beat-to-
beat oscillations in contraction strength.

3. Method

3.1. Pacing- and dobutamine- induced MA

It is more prevalent and likely to be sustained, as exemplified by pacing-induced MA. Right
atrial pacing was initiated at 80 beats per minute (bpm) and was increased in increments of 10
bpm. We selected steady-state LV pressure data for at least 2 min at the baseline and at each
pacing rate for analysis.[4] We calculated the maximum first derivative of LV pressure (LV
dP/dtmax) as an index of contractility. To evaluate LV isovolumic relaxation, we computed T1/2,
as previously described.[5] After the hemodynamic values had checked at baseline, dobuta‐
mine was infused intravenously at incremental doses of 5, 10, and 15 µg kg–1min–1 and
hemodynamic measurements were performed at the end of each 5-min infusion period. MA
was diagnosed if the pressure difference between the strong and weak beats was ≥4 mmHg
continuously in the analyzed LV pressure data, as previously described.[6]

We prospectively followed up all patients for the occurrence of primary events, which were
defined as cardiac death (from worsening heart failure or sudden death) or the unscheduled
readmission for decompensated heart failure. Noncardiac death was excluded.

4. Results

4.1. Classification of IDCM patients on the basis of dobutamine-induced MA

To identify on the basis of the classification by hemodynamic response to pacing or do‐
butamine  stress  testing,  patients  were  classified  into  three  groups:  those  who exhibited
neither  pacing-  nor  dobutamine-induced  MA (n  =  60,  group N),  those  who manifested
only pacing-induced MA (n = 20,  group P),  and those who developed both pacing- and
dobutamine-induced MA (n = 10, group D). All patients who did not develop pacing-in‐
duced MA also did not exhibit dobutamine-induced MA. LV pressure waveforms during
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atrial pacing at 120 bpm or after dobutamine infusion at 10 µg kg–1  min–1  are shown for
representative patients from each group (Fig. 1).

Figure 1. LV pressure waveforms during atrial pacing at 120 bpm and after infusion of dobutamine at a dose of 10 µg
kg–1 min–1 in representative patients of three study groups. The traces represent the lead II electrocardiogram (ECG),
LV pressure, and LV dP/dt. Both LV dP/dtmax and LV dP/dtmin showed alternating changes with LV pressure. Strong and
weak beats are indicated by s and w, respectively.

4.2. Baseline clinical data

There were no significant differences in age and sex among the three groups of patients (Table
1). All patients were classified as NYHA functional class I or II at the time of cardiac catheter‐
ization. The LV ejection fraction (EF) in groups P and D was significantly lower than that in
group N. There were also no significant differences in plasma brain natriuretic peptide (BNP)
or norepinephrine levels among the three groups.

The abundance of phospholamban mRNA was significantly lower in group D than in group
P. The SERCA2a/phospholamban mRNA ratio was significantly higher in group D than in
groups N and P (Table 2). The probability of event-free survival in group D was significantly
lower than that in groups N or P (P = 0.002) (Fig. 2).
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Figure 2. Kaplan-Meier analysis of the cumulative probability of event-free survival of the 90 IDCM study patients. Car‐
diac events were defined as hospitalization due to worsening heart failure and cardiac death. The probability of event-
free survival in group D was significantly lower than that in groups P and N by the log-rank test (P = 0.002).

Characteristic Group N (n = 60) Group P (n = 20) Group D (n = 10)

Age (years) 51 ± 12 50 ± 13 45 ± 11

Sex (M/F) 44 / 16 16 / 4 6 / 4

NYHA functional class I 32 (53%) 9 (45%) 5 (50%)

class II 28 (47%) 11 (55%) 5 (50%)

Medication

Diuretics 30 (50%) 17* (85%) 9* (90%)

ACE inhibitors or ARBs 42 (70%) 19 (95%) 7 (70%)

Beta blockers 22 (37%) 10 (50%) 5 (50%)

PAWP (mmHg) 10.7 ± 4.7 14.6 ± 6.2* 13.9 ± 7.2

Cardiac index (L min–1 m–2) 3.07 ± 0.55 2.83 ± 0.58 3.26 ± 0.66

LVEF (%) 38.9 ± 8.1 32.9 ± 9.6* 30.3 ± 9.0*

Plasma BNP (pg/mL) 100 ± 173 179 ± 186 249 ± 262

Plasma norepinephrine (pg/mL) 440 ± 221 689 ± 764 664 ± 324

*P < 0.05 versus group N. Abbreviations not defined in text: ACE, angiotensin-converting enzyme; ARB, angiotensin-II
receptor blocker; PAWP, pulmonary artery wedge pressure.

Table 1. Baseline clinical characteristics of patients in the three study groups.
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mRNA ratio Group N Group P Group D

SERCA2a/GAPDH 0.42 ± 0.15 0.41 ± 0.13 0.43 ± 0.13

Phospholamban/GAPDH 0.82 ± 0.45 1.01 ± 0.13 0.42 ± 0.24*

Ryanodine receptor 2/GAPDH 0.50 ± 0.19 0.53 ± 0.21 0.75 ± 0.17

SERCA2a/phospholamban 0.63 ± 0.31 0.59 ± 0.40 1.32 ± 0.95*†

SERCA2a/Na+-Ca2+ exchanger 0.57 ± 0.79 0.50 ± 0.56 0.27 ± 0.14

*P < 0.05 versus group P, †P < 0.05 versus group N.

Table 2. Quantitative RT-PCR analysis of the abundance of Ca2+-handling protein mRNAs in endomyocardial biopsy
specimens.

4.3. Univariate and multivariate analysis of cardiac events

Univariate  analysis  revealed that  dobutamine-induced MA,  pacing-induced MA,  NYHA
functional  class,  plasma BNP levels,  mitral  regurgitation,  pulmonary artery wedge pres‐
sure,  LV end-diastolic  volume index,  LV end-systolic  volume index,  LVEF,  LV end-dia‐
stolic  pressure  and  T½  were  significant  predictors  of  cardiac  events  (Table  3).  Then,
stepwise multivariate analysis  identified dobutamine-induced MA (odds ratio,  4.05;  95%
confidence interval,  1.35 to 12.2) as a significant independent predictor of cardiac events
(Table 4). Both T1/2 (odds ratio, 1.079; 95% confidence interval, 1.003 to 1.161) and plasma
BNP level (odds ratio, 1.002; 95% confidence interval, 1.0004 to 1.0038) were also signifi‐
cant independent predictors of cardiac events,  but with smaller odds ratios than that of
dobutamine-induced MA.

Univariate analysis

Parameter Event-free group Cardiac-event group
P

(n = 72) (n = 18 )

Dobutamine-induced MA

(group D/groups P and N)
4 / 68 6 / 12 0.0019

Pacing-induced MA

(groups D and P/group N)
20 / 52 10 / 8 0.04

Age (years) 50 ± 12 53 ± 14 0.34

Sex (M/F) 53 / 19 13 / 5 0.86

Body mass index (kg/m2) 24.4 ± 4.9 22.5 ± 2.6 0.15

NYHA functional class † 1.3 ± 0.5 1.6 ± 0.4 0.011

QRS duration (ms) 113 ± 27 112 ± 22 0.88

Beta blockers 55 (76%) 10 (56%) 0.58

Diuretics 52 (72%) 16 (89%) 0.88
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Univariate analysis

Parameter Event-free group Cardiac-event group
P

(n = 72) (n = 18 )

Plasma BNP (pg/mL) 123 ± 238 228 ± 162 0.0013

eGFR (mL min–1 1.73 m–2) 74 ± 17 68 ± 18 0.089

Plasma norepinephrine (pg/mL) 521 ± 452 524 ± 292 0.32

E/E’ 15.6 ± 8.6 24.2 ± 8.4 0.227

PAWP (mmHg) 11.5 ± 5.3 13.7 ± 6.6 0.044

Cardiac index (L min–1 m–2) 3.02 ± 0.57 3.13 ± 0.64 0.85

LVEDVI (mL m–2) 73 ± 52 115 ± 79 0.02

LVESVI (mL m–2) 43 ± 36 84 ± 62 0.018

LVEF (%) 38.2 ± 8.7 32.8 ± 6.8 0.003

Heart rate (bpm) 76 ± 17 75 ± 14 0.34

LVEDP (mmHg) 12 ± 8 15 ± 9 0.019

LVSP (mmHg) 119 ± 19 116 ± 23 0.62

LV dP/dt max (mmHg/s) 1114 ± 263 1160 ± 263 0.73

T1/2 (ms) 39 ± 7 44 ± 4.7 0.0086

Table 3. Univariate of predictors of cardiac events.

Multivariate analysis

Parameter

β OR ( 95% CI ) P

Dobutamine-induced MA

(group D/groups P and N)
1.4 4.05 (1.35–12.2) 0.013

Plasma BNP (pg/mL) 0.0021 1.002 (1.0004–1.0038) 0.014

T1/2 (ms) 0.076 1.079 (1.0033–1.161) 0.041

Table 4. Multivariate analysis of predictors of cardiac events.

5. Impact of dobutamine-induced MA

5.1. Prognosis

The occurrence of dobutamine-induced MA was a clinical predictor of poor prognosis in
ambulatory patients with IDCM in sinus rhythm. Although there was no significant dif‐
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ference  in  LVEF  between  patients  who  manifested  only  pacing-induced  MA  and  those
who developed both pacing- and dobutamine-induced MA, the probability of event-free
survival in the latter group was significantly lower than that in the former. Multivariate
analysis  also revealed that  the occurrence of  dobutamine-induced MA was a  significant
independent predictor of cardiac events.

5.2. Mechanisms

Three general mechanisms have been proposed to account for the development of MA:
alteration of action potential duration, impaired ventricular relaxation, and abnormal intra‐
cellular Ca2+-handling.[7] The low relative ratio of phospholamban to SERCA reduces the
inhibition of SERCA and increases Ca2+-uptake; this enhances relaxation and contraction in the
human atrium. However, humans lacking phospholamban develop lethal IDCM.[8] SERCA2a
and ryanodine receptor 2 mRNA levels were similar in all three of our groups, whereas the
relative ratio of SERCA to phospholamban was significantly higher in patients with pacing-
and dobutamine-induced MA than in those with only pacing-induced MA or with no MA.
These results suggest that an imbalance between phospholamban and SERCA mRNA levels
in the abundant Ca2+-handling proteins is associated with dobutamine-induced MA. Kobaya‐
shi et al. reported that the amounts of mRNAs for the β1-adrenergic receptor and SERCA2a in
the myocardium were smaller in asymptomatic or mildly symptomatic IDCM patients with
reduced adrenergic myocardial contractile reserve than in those with preserved adrenergic
contractile reserves.[9] The occurrence of dobutamine-induced MA in our patients in the
present study might also reflect abnormal β1-adrenergic receptor signaling in the myocardium.
However, steady-state mRNA levels do not necessarily reflect the corresponding protein
levels, in particular because both mRNA and protein synthesis or degradation may be altered
in the failing heart.[10, 11] Further studies are needed to elucidate these issues.

In patients with heart failure, dobutamine-induced MA is highly prevalent[6] and mechanical
and visible T-wave alternans is detectable under tachycardia or catecholamine exposure.[4,
12] Dobutamine-induced MA may be attributed various factors, including an increase in the
heart rate as a result of dobutamine infusion, impaired LV contraction, the influence of preload,
and abnormal Ca2+ under pathophysiological conditions. Dobutamine is a β-stimulator that
increases both heart rate and LV contraction. The increase in heart rate, but not that in LV
contraction, is likely to be a trigger for the occurrence of dobutamine-induced MA. Therefore,
the increased occurrence of dopamine-induced MA in heart failure patients might be related
to their poor myocardial contractile reserve.

6. Conclusion

In conclusion, the occurrence of dobutamine-induced MA is a potentially useful clinical
predictor of poor prognosis in ambulatory patients with IDCM in sinus rhythm. Recent
guidelines for the management of heart failure emphasize the need for earlier identification of
and therapy for patients who are at high risk of developing heart failure or who have asymp‐

Dobutamine-Induced Mechanical Alternans
http://dx.doi.org/10.5772/55003

101



tomatic LV systolic dysfunction.[13] The prevalence of cardiac events or cardiac death was
higher in patients with dobutamine- and pacing- induced MA than in those without it.
Assessment of dobutamine-induced MA in addition to routine clinical evaluation in patients
with IDCM may thus contribute to stratification of individuals into low- or high-risk groups.
The identification of pacing- or dobutamine-induced MA requires an invasive examination
and time-consuming hemodynamic stress assessment. The current trend in clinical medicine
is to find a non-invasive test with prognostic consequences. However, the hemodynamic
phenomenon by dobutamine stress testing might be also potentially useful marker for
predicting the occurrence of cardiac events.
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1. Introduction

Cardiomyopathies can be defined as disorders of the myocardium which are associated with
cardiac dysfunction and are aggravated by arrhythmias, heart failure and sudden death
[Ricardson, 2006]. Genetics has played a very important role in the understanding of the
different cardiomyopathies since, in 1957, Bridgen cited for the first time the word “cardio‐
myopathy” and in 1958, Teare, the British pathologist reported nine cases of septum hyper‐
trophy (Teare, 1958).

The American Heart Association (AHA) has classified cardiomyopathies as primary cardio‐
myopathies (the heart is the only organ affected) and secondary cardiomyopathies (the heart
is affected as part of a systemic disease). The European Society of Cardiology (ESC) has
classified them according to morphological and functional phenotypes involving their
pathophysiology (Maron, 2006; Maron, 2008; Elliott, 2008)

Primary cardiomyopathies are those which and can be genetic, nongenetic or acquired.
Secondary cardiomyopathies are those in which the cardiomyopathy is found in a systemic
disease. Primary cardiomyopathies can then be classified according to their anatomical and
functional impairment in hypertrophic cardiomyopathy, dilated cardiomyopathy (DCM),
restrictive cardiomyopathy (RCM), arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D), ion channel disorders. Secondary cardiomyopathies are those found in
muscular dystrophies, mitochondrial disorders among others. The unclassified cardiomyo‐
pathies are non-compaction cardiomyopathy and takotsubo cardiomyopathy (Elliott, 2008; )

The genetic diagnosis has a close involvement in the management of primary and secondary
cardiomyopathies and its development will have a key role in the understanding of the
different molecular mechanisms that lead to a cardiomyopathy.

© 2013 Vernengo et al.; licensee InTech. This is an open access article 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.



2. Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a familial disease that in fifty percent of the cases is
inherited in an autosomal dominant pattern. The disorder shows complete penetrance in most
families although it depends on the age and the sex of the patients (Nimura, 1998, Richard,
2003, Richard, 2006).

As the prevalence of HCM is 1: 500, it can be stated that HCM is undoubtedly the most common
cardiovascular disorder (Maron, 2002).

HCM has been traditionally described as an unexplained hypertrophy of the left ventricle that
develops in the absence of systemic hypertension, valvular heart disease or amyloidosis. The
left ventricular hypertrophy (LVH) is usually asymmetric and involves the septum.

The clinical presentation is variable. There can be varying degrees of clinical severity which
can range from dyspnea, palpitations, atrial fibrillation, and syncopal episodes to congestive
heart failure and sudden death. Many can be asymptomatic throughout their whole life,
whereas others may even require heart transplantation. It is the most common cause of death
in young athletes while practicing sports.

HCM generally has normal systolic function, impaired diastolic function and outflow ob‐
struction in about 25%. The histopathology shows myocyte disarray, interstitial fibrosis and
hypertrophy (Richard, 2006, Ho, 2007).

Mutations in any of the thirteen sarcomeric genes lead to HCM. (See Table 1). The sarcomere
has a complex structure where the proteins that form it interact among themselves. The
different mechanisms that cause HCM are not yet completely understood. Most mutations in
HCM are private of each family and there is clinical heterogeneity within family members
(Richard, 2006 Hayashi, 2004; Frank, 2011).

3. Dilated cardiomyopathy

Dilated cardiomyopathy is the most common cause of congestive heart failure in young
patients. The prevalence is ~36: 100,000 in the U.S. It is characterized by ventricular chamber
enlargement, thin wall thickness, impaired left ventricular systolic function, and there is also,
in some cases, secondary diastolic dysfunction. The most common feature is congestive heart
failure, though, conduction impairment, syncope and sudden death may also occur. It is an
important cause of cardiac transplantation (Sugrue, 1992).

The histological findings are nonspecific and they include myocyte loss and interstitial fibrosis.
Familial cases of DCM were initially considered to be quite rare. However, careful screenings
have shown that up to 35% of the probands´ relatives have a DCM familial disorder.

In these families, the pattern of inheritance is variable, so the patients present both locus
heterogeneity and allellic heterogeneity. Mutations in many genes have been reported to cause
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different forms of dilated cardiomyopathy. Therefore, autosomal dominant, autosomal
recessive, and X-linked inheritance can be observed. (See Table 2) However, the autosomal
dominant pattern is the most frequent mode of inheritance. It has been demonstrated that DCM
has reduced penetrance. The age of onset shows great variability though it is usually appears
in adulthood (Mangin, 1999). When the mutation is in one of the sarcomeric genes the affected
patients are usually young adults (Aernout Somsen, 2012).

HCM gene Symbol Locus name Chromosome locus Protein

Beta-myosin heavy chain MYH7 CMH1 14q2 Myosin heavy chain,

cardiac muscle beta

isoform

Myosin-binding

protein C

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

cardiac-type

Troponin T TNNT2 CMH2 1q32 TroponinT, cardiac muscle

Troponin I TNNI3 CMH7 19q13.4 TroponinI, cardiac muscle

Alpha-tropomyosin TPM1 CMH3 15q22.1 Tropomyosin1 alpha chain

Regulatory myosin light chain MYL2 CMH10 12q24.3 Myosin regulatory light

chain 2, ventricular/

cardiac muscle isoform

Essential myosin

light chain

MYL3 CMH8 3p21 5 Myosin light polypeptide 3

Actin ACTC1 CMH11 15q14 Actin, alpha cardiac

muscle 1

Cardiac troponin C TNNC1 CMH13 3p21.1 Troponin C, slow skeletal

and cardiac muscles

Titin TTN CMH9 2q24.3 2 Titin

Alpha-myosin

heavy chain

MYH6 CMH14 14q12 Myosin heavy chain,

cardiac muscle alpha

isoform

Muscle LIM

protein

CSRP3 CMH12 11p15. Cysteine and glycine-rich

protein 3, muscle LIM

protein

Telethonin TCAP CMH11 17q12 1 Telethonin

Table 1. Sarcomeric 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

metavinculin VCL CMD1W 10q22-q23 metavinculin VCL AD

fukutin FKTN CMD1X 9q31 Fukutin AD

TPM1 gene Fukutin 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
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DCM gene Symbol Locus name Chromosome locus Protein Mode of

inheritance

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

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 2. Genes tha cause DCM

Mutations on the following genes CMD1B on 9q13; CMD1H on 2q14-q22; CMD1K on 6q12-
q16; and CMD1Q on 7q22.3-q31.1 can also cause DCM.

4. Restrictive cardiomyopathy

Familial restrictive cardiomyopathy (RCM) is a rare disease which is inherited in autosomal
dominant pattern with incomplete penetrance (Katritsis 1991). The exact prevalence of RCM
is unknown (Elliott, 2008). In childhood, RCM accounts for 2–5% of cardiomyopathies and has
a grave prognosis (Kaski, 2008.)

RCM is characterized by abnornal 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 progresses, the systolic function generally declines
(Kushwaha, 1997).

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,

In many cases RCM can be observed overlapping with either HCM or DCM. (Kamisago,
2000; Olson, 2002; Zang, 2005; Kaski, 2008).
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5. Arrhythmogenic right ventricular cardiomyopathy / dysplasia

Arrhythmogenic right ventricular cardiomyopathy/dysplasia (ARVC/ARVD) is a commonly
inherited disorder with a family history in 30 to 50% of the cases (Klauke, 2010).

The prevalence has been estimated 1:2000 to 1:5000 in the general population (Peters 2006,
Cox&Hauer, 2011).

ARVC is characterized by fibro-fatty replacement of the myocardium with a marked involve‐
ment of the right ventricle. ARVC can be defined by the presence either sectored or global right
ventricular dysfunction. The left ventricular abnormalities which lead to DCM may take place
later. Clinical features include tachyarrhythmias, electrocardiographic abnormalities, systolic
heart failure, syncope and sudden death. ARVC is a frequent cause of sudden death in young
people and athletes (Maron, 2006).

It is transmitted with an autosomal dominant pattern, though autosomal recessive families
have also been reported. Incomplete penetrance and great variability in the symptoms have
been observed (Hamid, 2002; Awad, 2008; Eliott, 2008; Klauke, 2010, Cox&Hauer, 2011).

Desmosomes are intercellular junctions that link intermediate filaments to the plasma
membrane and are essential to tissues that experience mechanical stress such as the myocar‐
dium. Mutations in the cardiac desmosome genes are to be held responsible for most of the
cases that cause the disorder. (See Table 3)

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 (Van
Titelen, 2007; Vernengo, 2010; Klauke, 2010). Only recently has it been proven that seven
members of the Swedish family with ARVC7 had the p.Pro419Ser mutation in DES, instead of
a mutation linked to chromosome 10q23.2 (Melberg, 1999; Hedberg, 2012).

Naxos disease and Carvajal disease are ARVC 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 (Protonotarios, 1986; McKoy,
2000; Schonberger, 2001; Cox&Hauer, 2011).

6. 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]. 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
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trabeculations and intertrabecular recesses (Hermida-Prieto, 2004; Freedom, 2005; Budde,
2007; Monserrat, 2007; Klaassen, 2008)

The majority of the patients have an autosomal dominant mode of inheritance.

Mutations in several genes coding for sarcomeric proteins have been described in NCCM, 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). MYH7 has been reported to be the most frequent disease gene in NCCM in the
absence of HCM (Ichida, 2001; Hermida-Prieto. 2004; Vatta, 2003; Shan, 2008).

7. Takotsubo cardiomyopathy

Takotsubo cardiomyopathy is characterized by an acute but transitient LV systolic dysfunction
without atherosclerotic coronary artery disease and it is triggered by psychological stress
(Sharkey, 2005; Sealove, 2008).

8. 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

ARCV gene Symbol Locus name Chromosome locus Protein

Transforming growth factor

beta- 3

TGFB3 ARVD1 14q2 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

Desmin DES ARVC 2q35 Desmin

Table 3. Genes that cause ARVC.
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proteins lead to a group of familial disorders (Aleong, 2007). These ion channel disorders
include the Romano-Ward syndrome (long QT syndromes), the short-QT syndrome (SQTS),
Brugada syndrome, and the catecholaminergic polymorphic ventricular tachycardia (CPVT).
5% to 10% of the sudden deaths in children can be associated to ion channel disorders (Modell
& Lehmann, 2006).

The clinical diagnosis of the ion channelopathies can be often made by identification of
alterations found on the ECG (Aleong, 2007; Kass, 2005).

8.1. Romano–Ward syndrome

RWS may be sporadic or transmitted as an autosomal-dominant trait with reduced penetrance.
It is the most common form of inherited long QT syndrome. The prevalence of RWS has been
estimated to be 1:3000 to 1:7000.

The Romano-Ward syndrome (RWS) is tipically identified in patients that present syncope,
seizures, or sudden death due to episodic taquiarrhythmias, QT prolongation and T-wave
abnormalities, interval torsade de pointes that lead to ventricular fibrillation and death.

RWS is associated with mutations in the following genes: KCNQ1 on chromosome 11p15.5-
p15.4, KCNE1 on chromosome 21q22.12, KCNE2 on chromosome 21q22.11, KCNH2 on
chromosome 7q36.1, SCN5A on chromosome 3p22.2, CAV3 on chromosome 3p25.3, SCN4B on
chromosome 11q23.3, AKAP9 on chromosome 7q21.2, SNTA1 on chromosome 20q11.21 and
KCNJ5 on chromosome 11q24.3 (Schwartz 1993; Schwartz 2001: Schwartz 2011).

8.2. Jervell and Lange–Nielsen syndrome

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 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, KCNE1 gene on chromosome
21q22.12, have been reported in the affected individuals (Schwartz 2000; Schwartz 2006).

8.3. Timothy syndrome

Timothy syndrome is a rare autosomal dominant disorder are due to either a de novo mutation
or parent germline mosaicism Mutations in the same 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 (Splawski, 2004).

This complex multisystem disorder has a long QT syndrome associated with syndactily.
Various forms of congenital heart defects such as tetralogy of Fallot, hypertrophic cardiomy‐
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opathy have been observed. The type 2 patients that have been reported did not have syn‐
dactily (Splawski, 2005)

Children died at age of 2.5 years due to ventricular tachycardia and ventricular fibrillation,
infection or hypoglycemia (Reichenbach, 1992; Marks, 1995a; Marks 1995b; Splawski 2004; Lo-
A-Njoe, 2005).

8.4. Brugada syndrome

The Brugada syndrome, which is inherited in an autosomal dominant pattern, is associated
with sudden death in young people as the patients have malignant ventricular tachyarrhyth‐
mias and sudden cardiac death. The heart is not affected by either a structural heart or systemic
disease.

The age of appearance ranges from a two- day- old patient to 85 years (Marks, 1995a; Marks,
1995b; Splawski, 2004; Huang, 2004; Lo-A-Njoe, 2005).

The cardiac differential diagnosis must be made with Duchenne muscular dystrophy, Frie‐
dreich ataxia and ARVC.

8.5. Catecholaminergic polymorphic ventricular tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited tachyarrhyth‐
mia that is caused by acute adrenergic activation during exercise or acute emotion in young
adolescents.

The age of onset varies from 7-9 years to the fourth decade of life.

It presents locus heterogeneity and in only approximatedly 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 estimated in approx‐
imately 1:10,000.

There is an autosomal dominant form caused by mutations in the RYR2 gene that encodes the
ryanodine receptor 2, a calcium-release channel (George, 2003).

The autosomal recessive form is due to mutations in the calsequestrin 2 gene on chromosome
1p13.1 (Wilde, 2008).

8.6. 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.

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.
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Missense mutations in the KCNH2 gene on chromosome 7q36.1, 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.

9. Cardiomyopathy in muscular dystrophies

Muscular dystrophies are a heterogeneous group of inherited disorders, characterized 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 muscles. These include proteins which are associated with the
dystrophin–glycoprotein complex, the nuclear lamina or the sarcomere (Hermans, 2012).

Cardiomyopathy occurs in myofibrillar myopathy, myotonic dystrophies, myotonic myopa‐
thies, dystrophinopathies, Emery-Dreifuss muscular dystrophy, and limb girdle muscular
dystrophies (Hermans, 2012).

They are inherited in autosomal dominant, autosomal recessive and X-linked mode. (See Table
4, Table 5).

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. Mutations in the genes that are
involved muscular dystrophies can cause hypertrophic, dilated or restrictive cardiomyopathy,
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 cardiomyopathy the patients
suffer. In muscular dystrophies, the patients usually have a dilated cardiomyopathy. Hyper‐
trophic cardiomyopathy can be observed in Danon disease, α-B crystallinopathy, and on
patients or carriers of DMD and BMD. (De Ambroggi, 1995, Vicart 1998; Nguyen, 1998;
Lazarus, 1999; Melacini, 1999; Barresi, 2000; Politano, 2001; Selcen, 2003; Fanin, 2001; Jefferies,
2005; Nakanishi, 2006; Connuck, 2008; Kaspar, 2009; Goldfarb, 2009; Lilienbaum, 2012;
Hermans, 2012)

10. Mitochondrial disorders

Mitochondrial disorders are a heterogeneous group of disorders that have common 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, tissues and organs. mtDNA is maternally inherited
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and the disorders can appear at any age. All the mitochondria have multiple copies of their
own mtDNA and the mutation rate is much higher than in nuclear DNA (Walter, 2000;
Carrasco, 2005; De Jonge, 2011).

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 (Walter, 2000;
Carrasco, 2005; De Jonge, 2011).

Mitochondrial dysfunction and clinical symptoms appear when the heteroplasmic levels are
above 80%-90% (Walter, 2000; Carrasco, 2005; De Jonge, 2011).

Disease Name Gene Symbol Locus

name

Chromosome

locus

Protein Mode of

inheritance

Desminopathy Desmin DES MFM1 2q35 Desmin AD/AR

Alpha-B

crystallinopathy

CRYAB gene CRYAB MFM2 11q23.1 alpha-B-crystallin AR/AD

Myotilinopathy Myotilin MYOT

(TTID)

MFM3 5q31.2 Myotilin

(titinmmunoglobuli

n domain protein)

AD

ZASPopathy ZASP LDB3 MFM4 10q23.2 LIM domain-binding

protein 3

AD

Filaminopathy FilaminC FLNC MFM5 7q32.1 Filamin C AD

BAG3-Related

Myofibrillar

Myopathy

BCL2-

associated

athanogen 3

BAG3 BAG3 10q26.11 BAG family

molecular

chaperone

regulator 3

AD

Myotonic dystrophy

type 1

myotonin-

protein

kinase (Mt-

PK).

DMPK DMPK 19q13.3 dystrophia

myotonica-protein

kinase

AD

Myotonic dystrophy

type 2

zinc finger

protein-9

gene

CNBP 3q21.3 zinc finger protein-9AD

Duchenne/Becker

muscular dystrophy

dystrophin DMD DMD Xp21.2 dystrophin X-linked

Emery-Dreyfuss

Muscular

Dystrophy1,X-linked

EMD gene EMD EMD1 Xq28 emerin X-linked

Table 4. Genes that cause cardiomyopathy in muscular dystropies
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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. Both hypertrophic and dilated cardiomyopa‐
thies have been reported (Holmgren, 2003, de Jonge, 2011).

11. Kearns-Sayre syndrome

The Kearns-Sayre syndrome (KSS) is characterized by the triad: onset of the disorder before
the age of 20, progressive external ophthalmoplegia and pigmentary retinopathy. A cerebro‐
spinal fluid protein 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 (Roberts, 1979; Anan, 1995; Carrasco, 2005).

11.1. MELAS

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

Disease Name Gene Symbol Locus name Chromosome

locus

Protein Mode of

inheritance

LGMD2C gamma

sarcoglycan

gene

SGCG SGCG 13q12-q13 gamma

sarcoglycan

AR

LGMD2D alpha

sarcoglycan

gene

SGCA SGCA 17q21 Alpha

sarcoglycan

AR

LGMD2E Beta

sarcoglycan

gene

SGCB SGCB 4q12 Beta

sarcoglycan

AR

LGMD2F Delta

sarcoglycan

gene

SGCD SGCD 5q33-q34 Delta

sarcoglycan

AR

LGMD2I fukutin related

protein gene

FKRP FKRP 19q13.32 fukutin related

protein

AR

Table 5. Limb-girdle muscular dystrophies
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The cardiac involvement is considered to be 18–100% (Hirano, 1994; Vydt, 2007; Wortmann,
2007). The first symptom the affected children have is the cardiomyopathy. The most common
feature is a hypertrophic cardiomyopathy, although dilation has also been reported (Okajima,
1998).

Mutations in the nuclear genes that also encode mitochondrial proteins can cause cardiomyo‐
pathies. 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 (de Jonge, 2011).

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. When the protein is mutated in Friederich
´s ataxia, it does not allow the correct respiratory function.

Barth syndrome is a recessive X-linked inherited disease chacterized by cardiomyopathy and
neutropenia. The cardiac disease presents a dilated cardiomyopathy, often with a degree of
left myocardial thickening and, sometimes, endocardial fibroelastosis. The cardiac disease
appears at birth or in the first few months of life

Mutations in the tafazzin gene are to be held responsible for this disorder because of the
inhibition of this pathway leads to changes in mitochondrial architecture and function
(Spencer, 2006, Schamme, 2006).

12. The impact of genetics in the understanding of cardiomyopathy

Although the diagnosis is based primarily on DNA analysis, a thorough clinical history and
examination, blood tests, the ECG, echocardiography, electromyography, and muscle biopsy
can also provide information that can be helpful for the diagnosis not only of the patients, but
also of the asymptomatic carriers.

With the expansion in number of the different disorders that have myocardial involvement in
conjunction with the development of their molecular and biochemical bases, it can be stated
that these will play a most important role in the understanding of the pathophysiology of the
syndromes.

The exact role and function each mutated protein has and the pathogenic mechanisms that
lead to the different disorders still have to be elucidated, in spite of the fact that the mutations
that cause them have been found.

It has also been observed that the mutations within the same gene and in the same family can
give rise to distinct phenotypes in HCM, DCM and RCM. The pathogenesis of the three major
types of cardiomyopathy can be linked to the the genetic mutations in the different sarcomeric
proteins. These gene mutations are responsible to trigger the different pathways that lead to
the remodeling of the heart. The mechanisms why this occurs are still unclear and the animal
models are markedly distinct.
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Since HCM is an autosomal dominant disorder most of the patients suffering from it are
heterozygous. Mutations in MYH7 and/or MYBPC3 genes account for 80% of the mutations
(Richard, 2006).

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 heterozy‐
gotes 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 (Richard, 1999;
Richard 2003; Van Driest, 2004; Ingles, 2005; Richard 2006).

The genotype-phenotype correlations have been linked to specific mutations (Richard, 2006).

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 expectancy, whereas those with the V606M mutation have a mild progression
(Ho, 2000; Richard, 2006; Overeem, 2007; Uro-Coste, 2009).

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, I79N are young, and
even though they have a mild LVH, they died of sudden death. The F110I mutation does not
seem to have a so severe development as the rest of the mutations in this gene (Watkins,
1995; Arian, 1998; Tardiff, 2005, Richard, 2006).

It is believed that patients having double mutations have a greater severity of the disorder due
to a double dose effect (Ingles, 2005).

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 have not developed the disease. It is
unknown whether carriers will develop the disorder at a certain age of their lives or will remain
asymptomatic. Symptoms show a great variability among the patients that have the same
mutation and suffer the disorder. These may be due to gene interaction, environmental factors
and modifier genes (Michels, 1992; Mestroni, 1999; Criley, 2003; Richard, 2006).

In many cases RCM can be observed overlapping with either HCM or DCM. An autosomal
dominant cardiomyopathy has been described where the single sarcomere 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 (Peddy, 2006; Menon, 2008).

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 and
taffazin gene (TAZ) on chromosome Xq28 (Bleyt, 1997). It has been observed that when the
mutations are in a sarcomeric gene, they give rise to a truncated protein and the onset of the
disorder is during childhood. When there is an adult onset, there can be multiple mutations
in a non sarcomeric gene thus the phenotype is more severe
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As soon as the patients are diagnosed with the myopathies mentioned above they should be
cardiologically checked-up, and should be treated immediately as the cardiac therapy
improves the cardiac involvement and life expectancy

In Timothy syndrome the molecular diagnosis of CACNA1C should be performed in several
tissues, including sperm.

It has been observed that mutations in the lamin A/C gene cause CMD1A, LGMD1B or EDMD2
in the same family (Becane, 2000; Brodsky, 2000)

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.

It has suggested that the mutations in the nuclear gene RRM2B gene cause 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 (Pitceathly, 2012).

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 (Di Mauro,2005).

13. What should the genetic counseling be in cardiomyopathy?

To provide genetic counseling to an individual that has a cardiomyopathy is not an easy task.

When a patient or a relative that has been diagnosed with cardiomyopathy comes for genetic
counseling, the geneticist has to be forthright and explain that there are all sorts of disorders
that cause it, locus heterogeneity and clinical variability.

It is very important that when a numerical value is provided the patient and/or his family
understand what has been explained to them. It is necessary to be very clear that chance does
not have a memory. It would be embarrassing to face a family that comes with a second affected
child because they have misinterpreted the information provided to them.

It should also be pointed out that the molecular diagnosis of a disorder it is not only time
consuming and a very expensive process, but also that, sometimes, there is not a specific
mutation that stands out in the different disorders that cause a cardiomyopathy. Many patients
do not have an identified causing gene defect.

Opinions differ about procedures when consultants are under 18 and asymptomatic, and at
risk of having the disorder when adults, and there is not a causal treatment. Therefore, running
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the molecular test of the disorder would be inappropriate. If a mutation is found, the children
will not longer lead a normal life and it will also have a negative effect on family 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.

Should the mutations not be in these two genes, the genetic analyses of TNNT2, TNNT3, MYL2,
MYL3, TPM1 and ACTC might clarify other cases.

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.

In DCM the mode of inheritance has to be defined in other to provide a correct counseling as
the 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.

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 novo mutations are low, and in CPVT is almost 40%.

Timothy syndrome is due to either a de novo mutation or parental germline mosaicism. They
do not live long enough to reproduce.

Only 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 cardiomyopathy has a 50%
chance of inheriting the mutation. Families in which penetrance appears to be incomplete or
reduced have been observed; therefore a 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.

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 obligate 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
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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 for those patients there are at risk for any cardiomyopathy is possible, 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

In spite of the fact that there has been considerable improvement in the molecular diagnosis
of the different mutations that lead to cardiomyopathies, we still have to learn more about the
pathophysiology of these sometimes deadly disorders.
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1. Introduction

Ischemic heart disease is the most common cause of cardiomyopathy and has been the subject
of intense research and study. However, other rare forms of cardiomyopathy exist and
represent a diagnostic as well as a therapeutic challenge for the clinician. This chapter aims to
review the rare forms of cardiomyopathy, from genetic abnormalities, clinical presentation to
treatment and sudden death prevention.

2. Cardiac sarcoidosis

2.1. Introduction

Sarcoidosis is a multisystem disease characterized by noncaseating granulomas involving
multiple organ systems. Cardiac involvement is relatively rare and ranges from 5 to 40%.
Clinically, patients could have palpitations, atrioventricular block, syncope, shortness of
breath, left ventricular dysfunction and sudden cardiac death. Early recognition and treatment
is important since cardiac involvement portends a poor prognosis and is the second cause of
death in patients with sarcoidosis [1].

2.2. Epidemiology

Sarcoidosis is common in Japan, Ireland, Scandanavia and the United States. Females are
more commonly affected than males.  In  the  United States,  African Americans  are  more
commonly affected and in general have more severe forms of the disease. The age adjusted
annual incidence is highest for African American females in the age group of 30 to 39 years
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and is  at  107  per  100,000  [2].  Clinical  cardiac  involvement  is  reported  to  be  5%,  while
subclinical cardiac involvement detected by imaging studies is in the range of 30-40%, which
matches autopsy series.

2.3. Environmental and genetic factors

The etiology of sarcoidosis remains unknown. The presence of noncaseating granulomas in
the lungs, skin and eyes and clustering of cases in certain occupations (navy personnel,
firefighters at the world trade center) point to an immunological response to environmental
agents or infectious exposure [3, 4]. Mycobacterial DNA and RNA have been found in sarcoid
tissue using polymerase chain reaction, especially the DNA of the mycobacterium tuberculosis
catalase-peroxidase (mKatG) gene [5].

There is familial clustering of the disease, and patients are more likely to have an affect‐
ed member but there is little concordance in organs involved. Class I HLA-B8 and Class II
HLA-DRB1 and HLA-DQB1 alleles have been consistently associated with sarcoidosis [6,
7]. Genome-wide scans for loci associated with sarcoidosis showed the strongest signals in
chromosomes 5p and 5q in African Americans [8]. The strongest signals in Germans were
found in chromosome 6p, which helped identify the butyrophillin-like 2 (BTLN2) gene. This
gene is  a  negative  co-stimulatory molecule  within the  major  histocompatibility  complex
region  [9].  Chromosome  18q22  has  a  strong  link  to  the  presence  of  cardiac  or  renal
sarcoidosis [10]. Likely there is an interaction between environmental exposure and certain
susceptibility genes leading to the development of sarcoidosis. Further research is needed
to clarify such interactions.

2.4. Pathology

The hallmark of sarcoidosis is the presence of noncaseating granulomas. These are compact
collections  of  macrophages  and epithelioid  cells  with  minimal  inflammation  and multi‐
nucleated giant cells. Even though clinical involvement of the heart is reported to be 5%,
autopsy series show cardiac involvement in 25 to 40% of patients [11, 12]. Several recent
imaging studies show that delayed enhancement magnetic resonance imaging (DE MRI) in
patients with histology proven extra-cardiac sarcoidosis could detect cardiac involvement
even in patients with normal electrocardiograms, with cardiac involvement in these studies
ranging from 26-32%, which matches autopsy series [13, 14]. The ventricles are common‐
ly affected, especially the left ventricular (LV) free wall, basal LV, inter-ventricular septum
and conduction system. The heart  could be involved among other systems,  but  isolated
cardiac disease does occur. Endomyocardial biopsy has a low yield (~20%) given the patchy
involvement of the heart muscle. However, it is still needed at times in diagnosis especial‐
ly when other diseases are suspected.

2.5. Clinical features of cardiac sarcoidosis

The heart could be the only organ affected or could be involved in combination with other
systems. The degree of lung involvement does not predict cardiac involvement and cardiac
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involvement can be subclinical without any apparent symptoms. Patients might have non-
specific symptoms like shortness of breath and fatigue. Palpitations are common and could be
due to atrial tachycardia, atrial fibrillation, premature ventricular contractions, sustained and
non-sustained ventricular tachycardia. Rarely patients could present with pericarditis and
cardiac tamponade. The most common criteria used for diagnosing cardiac sarcoidosis is the
2006 revised guidelines of the Japanese Ministry of Health and Wellness [15]. Table 1 gives a
summary of these guidelines.

Advanced atrioventricular block in young patients should prompt search for cardiac sarcoi‐
dosis especially in females [16]. Patients with extra-cardiac sarcoidosis and abnormalities in
the electrocardiogram (ECG) should have at least an echocardiogram performed to look for
left ventricular function, especially when symptoms suggestive of heart failure are present.
However, the JMHW guidelines are not very sensitive and cardiac involvement could be
present even in patients with normal electrocardiograms [17]. There is no consensus about the
best way to screen patients with sarcoidosis for cardiac involvement. In a recent Delphi study
on diagnosing cardiac sarcoidosis, a survey of a group of sarcoidosis experts from different
subspecialties including pulmonologists, cardiologist and electrophysiologists showed a wide
range of practices with most experts utilizing history, physical examination and ECG for
screening. About 75% of experts would not do any further testing in the absence of symptoms
or signs of cardiac involvement along with normal ECG. But when Cardiac sarcoidosis is
suspected, most experts would perform ECG, TTE and cardiac MRI and 67% would order
Holter monitor and cardiac fluorodeoxy-glucose (FDG) PET scan [18]. This reflects the wide
range of clinical practice and the fact that sarcoidosis in general can mimic other diseases and
could stay subclinical. However, it is clear from recent cardiac MRI studies that cardiac
involvement can be present in patients with no cardiac symptoms and a normal ECG in 30%
of patients with biopsy proven extracardiac sarcoidosis [17]. Smedema et al study suggests
that the combination of ECG and MRI is the most cost effective for screening [14]. It is important
to diagnose cardiac sarcoidosis, as patients with cardiac involvement die for heart failure or
sudden cardiac death.

2.6. Laboratory investigations

Laboratory testing in sarcoidosis is non-specific. Patient can have anemia and some might have
hypercalcemia due to activation of vitamin D by macrophages present in granulomas [19].
Elevated angiotensin converting enzyme levels were proposed initially as a diagnostic test and
to follow treatment response. However, there is a wide range of normal in healthy subjects
and it is a poor therapeutic guide [20].

2.7. Electrocardiography (ECG)

The ECG has been used as a screening tool for cardiac involvement in patients with sarcoidosis.
Abnormalities noted include right bundle branch block (RBBB), which can be seen in 20-25%
of patients. Premature ventricular contractions (PVCs), non-sustained ventricular tachycardia
(NSVT) and sustained ventricular tachycardia (VT) could also occur. Inflammation and scar
formation lead to slow conduction and reentry, which is the mechanism of VT in these patients
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[21]. Left bundle branch block and Q waves have been described [22]. Advanced atrioventric‐
ular block (AVB) and complete heart block could occur in up to 20-30% of patients due to the
involvement of the basal LV septum as well as involvement of the AV nodal artery and they
portend a poor prognosis [16]. In patients with symptomatic cardiac sarcoidosis, Shuller et al
showed that fragmentation of the QRS occurs in up to 75% of patients and when combined
with bundle branch block, has 90% sensitivity in detecting cardiac involvement, however, the
study was limited to symptomatic patients [22]. Mehta et al showed that ECG sensitivity could
be as low as 8%. Using 24 hours holter monitoring could help detect abnormalities including
AV block, PVCs and NSVT and has more sensitivity compared to the 12 lead electrocardiogram
(50% vs 8% respectively) [17].

2.8. Endomyocardial biopsy

The  presence  of  noncaseating  granulomas  in  endomyocardial  biopsy  is  diagnostic  of
sarcoidosis. However, endomyocardial biopsy is not sensitive, since the disease is usually
patchy  and  most  commonly  involves  the  left  ventricle.  Of  the  28  patients  with  clinical

Histologic diagnosis group Cardiac sarcoidosis is confirmed when endomyocardial biopsy specimens

demonstrate noncaseating epithelioid granulomas.

Clinical diagnosis group* Cardiac sarcoidosis is diagnosed in the absence of an endomyocardial biopsy

specimen or in the absence of typical granulomas on cardiac biopsy when

extracardiac sarcoidosis has been proven and a combination of majore or minor

diagnostic criteria has been satisfied:

1. More than 2 of the 4 major diagnostic criteria are met OR

2. One of the 4 major criteria and 2 or more of the minor criteria are met.

Major Criteria:

1. Advanced AV block

2. Basal thinning of the ventricular septum

3. Positive cardiac gallium uptake

4. Left ventricular ejection fraction < 50%.

Minor Criteria:

1. Abnormal electrocardiogram findings including ventricular tachycardia,

multifocal frequent premature ventricular contractions, complete right bundle

branch block, pathologic Q waves or abnormal axis deviation

2. Abnormal echocardiogram demonstrating regional wall motion

abnormalities, ventricular aneurysm or unexplained increase in wall thickness.

3. Perfusion defects detected by myocardial scintigraphy

4. Delayed godalinium enhancement of the myocardium on cardiac MRI

scanning

5. Interstitial fibrosis or monocyte infiltration greater than moderate grade by

endomyocardial biopsy.

Table 1. Modified Guidelines for the Diagnosis of Cardiac Sarcoidosis from the Japanese Ministry of Health and
Wellness
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systematic  sarcoidosis  with  documented  cardiomyopathy  who  underwent  endomyocar‐
dial  biopsy  at  John  Hopkins,  only  7  had  noncasesating  granulomas.  If  sarcoidosis  is
suspected, it  is  often recommended to obtain biopsy from other organs like the paratra‐
cheal lymphnodes, skin and even the liver. PET scanning could help detect disease activity
and potential sites for biopsy [23].

The main differential diagnosis to sarcoidosis histologically is giant cell myocarditis. In a series
comparing 42 patients with cardiac sarcoidosis to 73 patients with giant cell myocarditis, nearly
a third of the patients finally diagnosed with cardiac sarcoidosis had no extracardiac involve‐
ment. Underscoring the fact that isolated cardiac involvement does occur [24]. Table 2 lists the
features that help differentiate cardiac sarcoidosis from giant cell myocarditis. Rarely, cardiac
sarcoidosis could only be diagnosed at the time of heart transplantation, further scoring the
difficulties of establishing the diagnosis [25].

Sarcoidosis Giant Cell Myocarditis

African American race 31% 4%

Syncope 31% 5%

AV block 50% 15%

Clinical Presentation

AV block or heart failure

symptoms of > 9 weeks

duration

Usually acute heart failure presentation

Histology Granulomas and fibrosis
Eosinophils, myocyte damage and foci of

lymphocytic myocarditis

Table 2. Clinical and Histological features comparing Sarcoidosis to Giant Cell Myocarditis.

2.9. Imaging studies in cardiac sarcoidosis

2.9.1. Chest x-ray

Bilateral hilar lymphadenopathy is the most common finding on chest x-ray (CXR). However,
bilateral hilar fullness could be also a sign of pulmonary dilatation secondary to cardiac
involvement or pulmonary hypertension. Cardiomegaly is sometimes noted. When bilateral
hilar lymphadenopathy is found and sarcoidosis is suspected, then high resolution computed
tomography scan is indicated to detect pulmonary parenchymal involvement [19].

2.9.2. Echocardiography

Transthoracic echocardiography (TTE) could be useful in detecting cardiac involvement in
patients diagnosed with extracardiac sarcoidosis. Segmental wall motion abnormalities with
thinning of the ventricular wall and LV dysfunction are common but non-specific findings.
The presence of basal septal thinning in the LV should lead the clinician to consider sarcoidosis
highly in the differential diagnoses especially in young patients with conduction abnormalities
[26]. Aneurysms could be seen especially in the inferior wall. Regional hypertrophy could also
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be found due to inflammation and edema. Right ventricular dysfunction is also seen and in
later stages of pulmonary sarcoidosis, pulmonary hypertension and tricuspid regurgitation
are seen. Mitral regurgitation and rarely pericardial effusion with tamponade physiology
could be the first presentation in patients with sarcoidosis [27]. The sensitivity of TTE in
detecting cardiac involvement in patients with extracardiac sarcoidosis is poor, and ranges
from 14-25% [17, 28].

2.9.3. Magnetic Resonance Imaging (MRI)

Cardiac MRI has emerged as a sensitive modality to detect clinical and subclinical cardiac
sarcoidosis. It has great spatial resolution and can help detect disease activity, presence or
absence of fibrosis, wall motion abnormalities, pericardial involvement as well as right
ventricular involvement. Increased signal intensity on T2 weighted images signifies edema
and inflammation. Focal myocardial thickening can also be due to edema. Delayed enhance‐
ment using godalinium is likely due to fibrosis. The basal and lateral LV walls are most
commonly affected, especially the basal septum [29]. Delayed enhancement MRI is more
sensitive than 201Thallium imaging and 67Ga imaging in detecting subclinical cardiac sarcoi‐
dosis. In a study of 10 patients by Tadamura et al, only 50% of patients with sarcoidosis
exhibited abnormalities on 201Thallium imaging and only 20% had 67Ga uptake while a 100%
of these patients had abnormalities detected by cardiac MRI [30]. Smedema et al studied 58
patients with biopsy proven extracardiac sarcoidosis using the JMHW 1993 criteria as gold
standard. Other modalities studied included ECG, TTE, 201Thallium scintigrams and DE MRI.
Cardiac MRI had a sensitivity of 78-100% and specificity of 64-89% in detecting cardiac
involvement. Cardiac MRI was noted to detect cardiac involvement even in patients with
normal ECG, Echocardiography and 201Thallium Scintigrams [14].

Mehta et al studied 62 patients with extracardiac sarcoidosis using a systematic approach
including  ECG,  Holter  monitoring,  TTE,  18F-FDG  PET  scanning  and  cardiac  MRI.  The
prevalence of cardiac sarcoidosis was 39%. The modified JMHW criteria had a sensitivity
of  33%  and  specificity  of  97%.  Holter  monitoring  was  superior  of  ECG  in  detecting
conduction system abnormalities as well as other ventricular arrhythmias. In the 22 patients
who had both cardiac MRI and 18F-FDG PET scans done, 32% had delayed enhancement
and 5% had edema on T2 images while abnormalities on 18F-FDG PET scan was observed
in 86% of the patients. Cardiac MRI and PET scans can be reasonably done in patients with
suspected cardiac sarcoidosis and can detect subclinical involvement and are more sensitive
than the JWHW criteria [17]. Patel et al studied 81 patients with biopsy proven extracar‐
diac sarcoidosis and used the JMHW modified criteria as well as DE MRI to look for cardiac
involvement. The JMHW identified 10 patients (12%) with cardiac involvement while DE
MRI identified cardiac involvement in 21 patients (26%), only 8 patients overlapped. The
median extent of damage detected by DE MRI was 6.1% of the left ventricle. The basal and
mid ventricular septum showed delayed enhancement in 76% of patients. Furthermore, of
the 4 patients with positive endomyocardial biopsy, all the 4 patients (100%) had abnormal‐
ities detected by DE MRI,  while only 2 patients (50%) met the diagnostic  criteria of  the
JMHW. Patients  with  DE MRI  had 11-fold  increase  risk  of  death  compared  to  patients
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without DE MRI findings [13]. Furthermore, delayed enhancement correlated with disease
duration,  regional  wall  motion  abnormalities,  ventricular  function,  severity  of  mitral
regurgitation and presence of ventricular tachycardia [31].

2.9.4. Radionuclide scintigraphy

201Thallium has been used to detect cardiac involvement in patients with sarcoidosis. Segmen‐
tal areas of decreased perfusion at rest that improve with stress imaging (areas with reverse
distribution) are seen in patients with cardiac sarcoidosis but are not necessarily specific, since
they are also seen in other forms of cardiomyopathy. 201Thallium is more sensitive than 67Ga
scanning in detecting cardiac sarcoidosis, but 67Ga is more specific for sarcoidosis since it
accumulates in inflamed areas and could be used to predict response to therapy and follow
disease activity [32]. 67Ga scanning has the advantage of detecting cardiac as well as extracar‐
diac sarcoidosis and could guide to areas that are more amenable to biopsy [33]. Both modal‐
ities suffer from poor spatial resolution and both are less sensitive than DE MRI in detecting
cardiac sarcoidosis [13, 30]. 99mTc-sestamibi has been used in combination with 67Ga scanning
and could help in showing that areas with increased 67Ga uptake are due to cardiac as opposed
to extracardiac involvement [34].

18- fluoro-2-deoxy-D-glucose PET scanning (18F-FDG PET) has been shown to be of great value
in detecting cardiac involvement in patients with sarcoidosis. 18F-FDG PET is taken up by the
macrophages, lymphocytes and epitheloid cells which are present in the granulomas and is
helpful in detecting active inflammation and following response to corticosteroids treatment.
In a series of 17 patients with biopsy proven extracardiac sarcoidosis, 18F-FDG PET was found
to be the more sensitive in detecting cardiac involvement compared to both 201Thallium and
67Ga scintigraphy. While 67Ga scintigraphy was the least sensitive modality in detecting cardiac
involvement, possibly because of it has a lower spatial resolution compared to 18F-FDG PET.
Most of the abnormalities noted on 18F-FDG PET were found in the basal, mid anteroseptal
and lateral walls and disappeared after treatment with corticosteroids [35]. In another study,
PET and DE MRI were performed in patients with biopsy proven extracardiac sarcoidosis. In
these series, 22 patients had both 18F-FDG PET and DE MRI performed. Of these, abnormalities
in 18F-FDG PET were observed in 86% of the patients while MRI abnormalities were observed
in 36% of the patients. It is possible that the apparent high sensitivity of 18F-FDG PET is due to
its ability to detect active inflammation while DE MRI could only detect edema and scar and
is unable to detect active inflammation [17].

2.10. Therapy

Therapy for cardiac sarcoidosis aims at treating and preventing heart failure, treatment of
conduction  system  disease  and  prevention  of  sudden  cardiac  death.  It  is  important  to
recognize  cardiac  involvement  in  patients  with  sarcoidosis,  since  sudden  cardiac  death
could be the first presentation and is the second leading cause of death in patients with
sarcoidosis [1].
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2.10.1. Medical therapy

Similar to other forms of cardiomyopathy, treatment with angiotensin converting enzyme
inhibitors and angiotensin receptor blockers is important since they have anti-fibrotic prop‐
erties and have been shown to improve survival. β -blockers were also shown to improve
survival in patients with heart failure. Since the initial cardiac lesions are due to granuloma
formation which could progress with time to fibrosis, early recognition and initiation of
corticosteroid treatment is important and could lead to improvement in LV function as well
as achieve control of the arrhythmias [36]. In a Japanese retrospective study of 48 patients with
cardiac sarcoidosis, only patients with pretreatment LVEF > 30% had improvement in their LV
function with corticosteroid therapy, while those with pretreatment LVEF of < 30% showed
little improvement [37]. The exact dose of corticosteroids and the duration of therapy are not
well defined due to the absence of randomized controlled trials. In general, initial dose of 30
to 60 milligrams/day of prednisone is started for 8-12 weeks; with gradual taper to a daily dose
of 5-10 mgs/day of prednisone over 6-12 months is recommended. Relapses could occur in up
to 25% of patients [19, 38]. Use of Methotrexate, cyclosporine or hydroxychoroquine has been
described and could be considered especially in patients with side effects to corticosteroids or
who are not responding to therapy [38].

2.10.2. Device based therapy and the role of electrophysiology study

Patients presenting with heart block due to cardiac sarcoidosis could see improvement with
corticosteroids therapy [36]. However, permanent pacemaker implantation is recommended
even if there is a transient improvement in heart block with corticosteroids therapy [39].
Patients with depressed LVEF < 35%who do not improve with steroid therapy and patients
who present with VT or survive cardiac arrest should undergo defibrillator (ICD) implantation
[39]. Some experts advocate ICD implantation in patients with AVB due to cardiac sarcoidosis
with extensive cardiac involvement on imaging studies even if the LVEF is still preserved [40].
The 2008 guidelines for device based therapy recommend consideration for defibrillator
implantation to be based on LV function, presence of spontaneous or induced ventricular
tachycardia, heart failure status and syncope. Patients with depressed LVEF < 35%, NYHA
Class II-IV heart failure and wide QRS of > 120 milliseconds are candidates for biventricular
defibrillator implantation (BiV ICD) [39].

For patients with LVEF of 35-55%, programmed electrical stimulation (PES) could help in the
risk stratification of these patients. In a study by Mehta et al, PES helped identify patients at
risk of ventricular arrhythmias and only 1 of the 68 patients with negative PES died over 5 yrs
[41]. In another series by Aizer et al, PES was predictive of arrhythmic events and ICD therapy;
however 2 of the 20 patients with negative PES died or had spontaneous sustained VT during
follow up [42]. Currently, PES is used for risk stratification, but the negative predictive value
of programmed electrical stimulation needs further study and the clinician needs to utilize
knowledge of the published literature as well as clinical judgment when considering ICD
therapy for primary prevention of SCD in sarcoidosis patients with LVEF of 35-55%.

There are no randomized trials for the prevention of sudden cardiac death in patients with
cardiac sarcoidosis, and most of the efficacy is obtained from the experience of tertiary care
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centers. In a retrospective study of patients with sarcoidosis who received ICD therapy,
inappropriate shocks were low (13.3%) and appropriate shocks occurred in 37.8%, with an
annual incidence of 15% per year. Most of the event occurred in the first 3 years post implan‐
tation [43]. In another study of 112 patients with cardiac sarcoidosis that had ICD implantation,
32% had appropriate ICD therapy and 14% had VT storm. Inappropriate therapies occurred
in 11% of patients [44]. Depressed LVEF, Depressed RVEF and complete heart block were
important predictors of appropriate ICD therapies [44].

For patients who have frequent shocks due to ventricular tachycardia, catheter ablation could
be used for treatment of these VTs. The mechanism of VT in patients with sarcoidosis is mostly
due to reentry or triggered activity. Reentry is the most common mechanism and could be due
to slow conduction from active inflammation or from scar formation. Most of these circuits are
near the basal right ventricle near the tricuspid valve area and most patients have a dramatic
decrease in the VT burden or complete elimination of the VTs following ablation [45].

Some patients with cardiac sarcoidosis progress to advanced heart failure and might need
heart transplantation. Patients with sarcoidosis have a good 1 and 5-year survival rates post
transplantation [46]. Some of the patients were only diagnosed with cardiac sarcoidosis at the
time of transplantation, underscoring the difficulties clinicians face in establishing the
diagnosis of cardiac sarcoidosis [25].

3. Arrhythmogenic Right Ventricular Dysplasia/ Cardiomyopathy
(ARVD/C)

3.1. Epidemiology

Arrhythmogenic right ventricular Dysplasia/ Cardiomyopathy (ARVD/C) is an inherited
myopathy characterized by fibrofatty infiltration of the right ventricular (RV) wall, with left
ventricular involvement over time in some patients [47, 48]. Males are more commonly affected
than females. The true prevalence of the disease is unknown, but familial involvement is seen
in up to 50%, which means screening family members is essential. The overall incidence is
thought to be 1:1000 to 1:5000, with certain regions in Greece and Italy having increased
prevalence compared to the rest of the world [49].

3.2. Environmental and genetic factors

There is no clear environmental cause of ARVD/C, and the etiology is not fully understood.
Family members of patients with ARVD/ C are affected in 30-50% of the time, and the disease
has autosomal dominant inheritance with variable penetrance. Several genetic loci have been
identified, and mostly are mutations in cardiac desmosomes. Desmosomes are membrane
structures composed of plasma cell membrane proteins that are responsible for force trans‐
mission between the cells. Abnormal function of these structures leads to cell detachment,
death and inflammatory reaction leading to fibrosis and fatty infiltration. The most common
mutation involves the PKP2 gene, encoding the plakophilin 2. Other desomsomal mutations
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were identified in DSP gene, encoding desmoplakin, DSG2 gene, encoding desmgelin 2 and
DSC2 gene, encoding desmocolin 2. Desmosomal mutations occur in 52% of North Americans
with ARVD/C and are associated with ventricular tachycardia and younger age of presentation
[50]. There is genetic variability that occurs in healthy subjects, and has been noted to be as
high as 16%. However, certain mutations make the diagnosis of ARVD/C more likely,
including radical mutations as well as certain missense mutations that are rare in Caucasians
[51]. The autosomal recessive form is associated with woolly hair and palmoplantar keratosis,
the so-called Naxos disease, since it was discovered in the Greek island of Naxos. This gene
encodes plakoglobin and desmoplakin. This autosomal recessive form has been mapped to
chromosome 17q21. In addition, the cardiac ryanodine receptor gene RyR2 may be involved
in the disease and causes juvenile sudden death with minimal RV wall motion abnormalities
[52]. Mutations in the transforming growth factor B3 (TGF-B3) were also found in a large family
in ARVD/C [53].

3.3. Pathology

The hallmark of ARVD/C is fibrofatty infiltration of the RV wall. This occurs in the epicardial
layers first and moves endocardially. The RV inflow, RV apex and RV outflow are typically
affected, forming what is called the triangle of dysplasia.  With time, the interventricular
septum is affected too. LV involvement has been described and could be seen in up to 76%
of patients [54].  It  usually parallels  right ventricular involvement and is  associated with
worse prognosis [55]. Table 3 shows the major and minor pathological criteria used by the
Task Force for diagnosis [56]. Endomyocardial biopsy doesn’t have high sensitivity, since
it is usually performed in the interventricular septum rather than the RV free wall. However,
endomyocardial  biopsy  might  help  exlude  other  disease  that  could  mimic  ARVD/C,
especially sarcoidosis. [57]

3.4. Clinical presentation

The clinical course is variable and most patients present before age 40. Patients with ARVD/C
can be asymptomatic for years. The most common clinical presentation is with palpitations
(due to frequent ventricular ectopy and ventricular tachycardia), chest pain, syncope and
sudden cardiac death. In fact sudden cardiac death could be the first manifestation of the
disease [54]. With time patients might develop RV dilatation leading to symptoms and signs
of right-sided heart failure including fatigue, abdominal fullness and lower extremity edema.
LV involvement leads to systolic heart failure and is associated with worse prognosis [58].

3.5. Electrocardiographic changes in ARVD/C

Patients with ARVD usually have sinus rhythm. The Task force criteria specify some depola‐
rization abnormalities as major criteria for diagnosis, namely the presence of Epsilon wave
(which could be seen in up to 30%, very specific but is not sensitive). If the ECG is highly
amplified, Epsilon potentials could be detected in as many as 77% of patients with ARVD [59].
Repolarization abnormalities considered to be major criteria are inverted T waves in V1 to V3
or beyond in the absence of right bundle branch block (RBBB) [56, 60]. T wave inversion in V1
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to V4 in the presence of RBBB is considered minor criteria for diagnosis. QRS fragmentation,
defined as deflections at the beginning of the QRS, on top of the R wave or at the nadir of the
S wave, could be found in as many as 85% of patients with ARVD/C and it correlates with LV
involvement [59]. Signal average electrocardiography is simple and non-invasive method that
could be used for screening. Abnormalities on signal average ECG considered to be minor
criteria are listed in Table 3.

Patients with ARVD/C can have ventricular tachycardia and frequent premature ventricular
contractions (PVCs). Ventricular tachycardia in general has left bundle branch morphology
and is caused by macro-reentry. There is evidence that adrenergic stimulation acts as a trigger
for these arrhythmias [61]. Exercise testing can induce these arrhythmias in 50-60% of ARVD/
C patients. These arrhythmias could lead to syncope and SCD. In fact, ARVC/D accounts for
3 to 10% of death occurring in patients younger than 65 years [62] and is one of the causes of
sudden cardiac death in athletes [63]. Patients with ARVD/D should not participate in
moderate to high intensity exercise [64].

Ventricular tachycardia with left bundle branch (LBB) morphology and inferior axis is
considered minor criteria, while VT with LBB morphology and superior axis is considered
major criteria. Hoffmayer et al proposed criteria to differentiate idiopathic right ventricular
outflow tract VT from ventricular tachycardia caused by ARVD/C. Since both conditions could
present with ventricular tachycardia with left bundle branch morphology with inferior axis.
In multivariate analysis, prolonged QRS duration in Lead I > 120 msec and transition in V5 or
later predicted ARVD/C as the cause of VT [65]. Table 3 lists major and minor electrocardio‐
graphic and arrhythmia criteria for diagnosis of ARVD/C [56].

Major Criteria Minor Criteria

Global and/or

regional

dysfunction

and structural

alterations

By 2D echo:

1) Regional RV akinesia, dyskinesia, or

aneurysm

2) and 1 of the following (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)

• fractional area change ≤33%

By MRI:

1) Regional RV akinesia or dyskinesia or

dyssynchronous RV contraction

2) and 1 of the following:

• Ratio of RV end-diastolic volume to BSA

≥110 mL/m2 (male) or ≥100 mL/m2 (female)

• RV ejection fraction ≤40%

By RV angiography:

By 2D echo:

1) Regional RV akinesia or dyskinesia

2) and 1 of the following (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)

• fractional area change >33% to ≤40%

By MRI:

1) Regional RV akinesia or dyskinesia or

dyssynchronous RV contraction

2) 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)

• RV ejection fraction >40% to ≤45%
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Major Criteria Minor Criteria

Regional RV akinesia, dyskinesia, or

aneurysm

Tissue

characterization

of walls

1) 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

1) Residual myocytes 60% to 75% by

morphometric analysis (or 50% to 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

1) Inverted T waves in right precordial leads

(V1, V2, and V3) or beyond in individuals >14

years of age (in the absence of complete

right bundle-branch block QRS ≥120 ms)

1) Inverted T waves in leads V1 and V2 in

individuals >14 years of age (in the absence

of complete right bundle-branch block) or in

V4, V5, or V6

2) Inverted T waves in leads V1, V2, V3, and

V4 in individuals >14 years of age in the

presence of complete right bundle-branch

block

Depolarization/

conduction

abnormalities

1) 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)

1) Late potentials by SAECG in ≥1 of 3

parameters in the absence of a QRS duration

of ≥110 ms on the standard ECG

2) Filtered QRS duration (fQRS) ≥114 ms

3) Duration of terminal QRS <40 μV (low-

amplitude signal duration) ≥38 ms

4) Root-mean-square voltage of terminal 40

ms ≤20 μV

5) 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 right bundle-

branch block

Arrhythmias

1) Nonsustained or sustained ventricular

tachycardia of left bundle-branch

morphology with superior axis (negative or

indeterminate QRS in leads II, III, and aVF and

positive in lead aVL)

1) Nonsustained or sustained ventricular

tachycardia of RV outflow configuration, left

bundle-branch block morphology with

inferior axis (positive QRS in leads II, III, and

aVF and negative in lead aVL) or of unknown

axis

2) >500 ventricular extrasystoles per 24 hours

(Holter)

Family history

1) ARVC/D confirmed in a first-degree

relative who meets current Task Force criteria

2) ARVC/D confirmed pathologically at

autopsy or surgery in a first-degree relative

3) Identification of a pathogenic mutation†

categorized as associated or probably

1) History of ARVC/D in a first-degree relative

in whom it is not possible or practical to

determine whether the family member

meets current Task Force criteria

2) Premature sudden death (<35 years of

age) due to suspected ARVC/D in a first-

degree relative
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Major Criteria Minor Criteria

associated with ARVC/D in the patient under

evaluation

3) ARVC/D confirmed pathologically or by

current Task Force Criteria in second-degree

relative

PLAX indicates parasternal long-axis view; RVOT, RV outflow tract; BSA, body surface area; PSAX, parasternal short-axis
view

Table 3. Revised Task Force Criteria for the diagnosis of ARVD/C.

3.6. Imaging in ARVD/C

3.6.1. Right ventricular contrast angiography

Right ventricular angiography could detect wall motion abnormalities, RV dilatation and even
aneurysm formation in patients with ARVD/C. However, due to its invasive nature, difficulty
in visually assessing RV wall motion abnormalities especially in the presence of premature
contractions makes it less attractive as a diagnostic modality.

3.6.2. Echocardiography

In patients with ARVD/C, the RV could be dilated with RV wall motion abnormalities and
decreased RV function. Aneurysms could form in the RV free wall but also could be found in
the inferior wall and apex. If adequate visualization of the walls is not possible because of poor
windows, contrast injection could help overcome difficulties in delineating the RV wall. Right
ventricular outflow (RVOT) enlargement is the most common abnormality found on TTE in
patients with ARVD, and RVOT long axis dimension > 30 mm has the best sensitivity (89%)
and specificity (86%) for diagnosing ARVD/C. Trabecular derangement, sacculations and
hyper-reflective moderator band are less commonly found. Attention to regional RV wall
motion abnormalities is important and could be seen in up to 80% of patients. Impaired RV
function is seen in up to 67% of patients [66]. Occasionally, trans-esophageal echocardiography
and intracardiac echocardiography could be used for diagnosis in patients with difficult
images; however, they are more invasive. TTE is widely available, simple and non-invasive
which makes it suitable as a primary diagnostic modality and should be performed in patients
with PVCs and VT with left bundle branch block and inferior axis. Major and minor echocar‐
diographic criteria for diagnosing ARVD/C are listed in Table 3 [56].

3.6.3. Radioisotope imaging

Cardiac sympathetic innervation is decreased in patients with ARVD/C, and radioisotopes
with specific affinity to the ß receptors in the heart could help in early diagnosis. However, it
has poor spatial resolution and the sensitivity and specificity of this modality is not well
established [67]. Myocardial perfusion imaging could show decreased areas of radioisotope
uptake in the RV, which could help in patients presenting with RVOT type VT. However, it is
not widely used and doesn’t have high sensitivity or specificity. Because of all this, radioiso‐
tope imaging is not considered as first line diagnostic imaging in patients with ARVD/C.
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3.6.4. Magnetic resonance imaging

Cardiac MRI has high resolution and helps in assessment of anatomy, function and hemody‐
namics of the right and left ventricle in patients with ARVD/C. Dilatation of the RVOT area,
RV wall motion abnormalities, RV aneurysms, depress RV function and presence of fat
infiltration of the RV wall all have been described in patients with ARVD/C [68-70]. However,
MRI cannot be used in patients who have defibrillators and it depends on the experience of
the center and reader [69]. Tagged MRI helps detect regional wall motion abnormalities in the
RV and LV walls. Jain et al found that regional wall motion in the LV parallels the degree of
RV function and is present in patients with grossly normal LV function [55]. LV abnormalities
include intramyocardial fat as well as wall motion abnormalities, and could be seen in up to
27% of patients (Figure 1). Delayed enhancement MRI (DE MRI) has great sensitivity and could
show increased signal in the RV (most commonly the basal sub-tricuspid region extending
anteriorly to the RV outflow) in up to 67% of patients with ARVD/C. It is important to
differentiate epicardial fat from fat infiltration of the RV wall. In patients with ARVD/C, areas
of fat infiltration are most commonly dyskinetic. Relying on fat infiltration alone without wall
motion or quantitative assessment of the RV and without adequate testing and attention to the
task force criteria could lead to over diagnosis of ARVD/C [69]. Fat infiltration is very sensitive
(84%) but has low specificity (79%) while regional RV wall motion abnormalities and RV
enlargement are very specific but less sensitive [71]. Table 3 lists the major and minor MRI
criteria used for diagnosing ARVD/C.

3.7. Electrophysiology study and three dimensional electro-anatomical mapping

Electrophysiologic  testing with programmed electrical  stimulation (PES)  is  used for  risk
stratification of  sudden cardiac death in patients  with ARVD/C but it  has poor positive
predictive value (35 to 49%) and limited negative predictive value (49 to 74%) in predict‐
ing arrhythmias and appropriate ICD shocks [72-74]. Electroanatomical mapping could help
in detecting areas of scar in patients with ARVD/C. Corrado et al demonstrated that scar
could accurately be localized in patients with ARVD/C and usually correlates with areas
with wall motion abnormalities and fibrofatty infiltration at endomyocardial biopsy. Areas
with low voltage of < 0.5 mV are considered scar areas, while healthy tissue usually has a
voltage  of  >  1.5  mV  [75].  Areas  with  voltage  between  0.5  and  1.5  mV  are  considered
transitional zone. It is important to insure appropriate contact using either fluoroscopy or
intracardiac echocardiography and to obtain multiple points in the same area to confirm
that it is a low voltage area. Furthermore, fractionated signals can be found in areas with
low  voltage  and  is  evidence  of  slow  conduction  and  could  be  part  of  the  ventricular
tachycardia circuit. Voltage mapping can help delineate the substrate for macro-reentrant
VT  in  patients  with  ARVD  [75].  Low  voltage  areas  indicating  scar  are  noted  in  the
anterolateral RV free wall, apex, and inflow and outflow tracts of the RV and correlate with
MRI findings [76]. Even in patients with ARVD and minimal scar, prolonged endocardial
activation could be noted. In a study of 25 patients with left bundle branch VT, Tandri et
al  showed that  patients  with  ARVD/C had prolonged endocardial  activation  >  65  msec
while none of  the patients with idiopathic RVOT VT had prolonged endocardial  activa‐
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tion [77]. Electroanatomical mapping is actually more sensitive than DE MRI in detecting
areas with scar, (Figure 1). especially if the scar area is < 20% of the total RV area [78].

3.8. Diagnosis of ARVD/C

Diagnosis of ARVD/C is based on the Modified Task Force Criteria published in 2010 [56].
These criteria are specific and rely on the demonstration of structural, functional and electro‐
physiological changes to diagnose the disease. To diagnose ARVD/C, 2 major criteria, one
major and two minor criteria or 4 minor criteria need to be fulfilled. The modified criteria are
more sensitive in detecting the disease in first-degree relatives of affected members without
compromising specificity and incorporate certain pathogenic mutations as major criteria for
diagnosis. Furthermore, it offers more quantitative parameters in imaging studies for diagno‐
sis compared to the original 1994 criteria. Table 3 lists the modified criteria.

Figure 1. Representative cases of discordance between endocardial voltage mapping (EVM) and contrast-enhanced
magnetic resonance (DE-MRI). A, Lateral view of the right ventricular (RV) EVM showing electroanatomical scar (EAS)
in the RV inferobasal region and outflow tract. B and C, Basal short- and long-axis views of DE-MRI sequences showing
no signs of delayed contrast enhancement (DE) in the RV free wall. Subepicardial DE is visible in the inferior and infer‐
oseptal regions of the left ventricle (LV; white arrows). D, Lateral view of EVM showing a large EAS affecting the infer‐
obasal, anterolateral, and, partly, RV outflow tract region. E and F, Basal short- and long-axis views of DE MRI showing
neither RV nor LV DE. (From Martina Perazzolo Marra, MD, PhD et al “Imaging Study of Ventricular Scar in Arrhythmo‐
genic Right Ventricular Cardiomyopathy / Clinical Perspective : Comparison of 3D Standard Electroanatomical Voltage
Mapping and Contrast-Enhanced Cardiac Magnetic Resonance” Circulation: Arrhythmia and Electrophysiology. 2012;
5: 91-100, With Permission)
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3.9. Therapy

Therapy of  ARVD/C aims at  suppressing ventricular arrhythmias,  prevention of  sudden
cardiac death and treatment of right and/or left ventricular heart failure. Family members
should  be  screened  for  the  disease  since  most  of  the  cases  have  autosomal  dominant
inheritance.

Patients  with  ARVD/C  should  not  participate  in  competitive  sports  and  should  avoid
moderate to high intensity exercise. And since the occurrence of ventricular tachycardia is
related to adrenergic stimulation, most of the patients with ARVD/C with sustained and
NSVT are typically treated with β-blockers and given antiarrhythmic drugs.  Sotalol  was
thought to suppress ventricular arrhythmias in patients with ARVD/C and is widely used
in this population [79]. However, a recent publication from the North American ARVD/C
registry  showed  that  sotalol  did  not  suppress  ventricular  arrhythmias  or  prevent  ICD
therapies while amiodarone had a better efficacy but only 10 patients received amiodar‐
one in this registry [80]. In patients with heart failure, β-blockers, angiotensin converting
enzyme inhibitors  and angiotensin receptor blockers  are indicated.  Catheter  ablation for
ventricular  arrhythmias  is  used  to  treat  sustained  ventricular  tachycardia  that  lead  to
syncope and ICD shocks in patients  with ARVD/C.  Both activation mapping as  well  as
substrate mapping could be used to delineate the VT circuit [81]. The success rate of catheter
ablation ranges from 32 to 88%, and most  patients  require  two or  three ablation proce‐
dures [82, 83]. For prevention of sudden cardiac death, implantable cardioverter defibrilla‐
tors (ICDs) are clearly indicated in patients with ARVD/C who survive cardiac arrest or
have sustained VT. It is considered a class IIa indication in ARVD/C patients with one or
more  risk  factors  of  sudden  cardiac  death  (unexplained  syncope,  presence  of  nonsus‐
tained  VT  on  ambulatory  monitoring,  extensive  RV  involvement,  LV  involvement  and
positive EPS study) [39]. However, there is no clear consensus on the risk factors for SCD
in patients with ARVD/C, and the physician needs to utilize knowledge, experience and
clinical judgment when considering ICD implantation for patients with this disease.

Since this is a young population, they are also likely to experience inappropriate shocks due
to sinus tachycardia or other supraventricular arrhythmias especially atrial fibrillation.
Inappropriate shocks occur frequently and could happen in 16 to 24% of patients [72-74].
Appropriate ICD shocks occur in 25 to 50% of patients with no prior VT or VF [74, 84]. Most
therapies are clustered early, especially in the first 2 years [43]. Syncope, inducibility at EP
study, left ventricular involvement, presence of non-sustained ventricular tachycardia or >
1000 PVCs at holter monitoring are important predictors of appropriate ICD therapy [73, 84].
Furthermore, due to the progressive nature of the disease, lead complications could occur late
and lead repositioning or implantation of a new lead are not uncommon and could occur in
14% to 21% of patients [72, 73]. In general ICD therapy is life saving and is well tolerated and
has become accepted standard of care in patients with ARVD/C who experience cardiac arrest,
sustained VT, unexplained syncope or marked RV dilatation or LV involvement [39].

Prognosis is dependent on the rate of progression of the disease, presence of heart failure and
the degree of LV involvement [85]. The diagnosis of ARVD/C should prompt genetic testing
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to identify the mutation involved and guide the screening of family members. Heart Trans‐
plantation is indicated in patients with advanced right and/or left sided heart failure.

4. Isolated left ventricular non-compaction

4.1. Introduction

Noncompaction of the left ventricular myocardium is a rare disorder that occurs in isolation
or with other congenital cardiac defects. It is caused by the arrest of compaction of the
myocardial fibers, leading to prominent trabeculations giving the myocardium a spongy
appearance. Patients can be asymptomatic and could present with syncope, chest pain,
palpitations, shortness of breath and sudden cardiac death. Management of patients with
isolated left ventricular non-compaction (ILVNC) involves treating heart failure, protection
from sudden cardiac death, anticoagulation to prevent thromboembolic events, and screening
of family members.

4.2. Epidemiology

The true prevalence of isolated LV noncompaction is unknown, as most cases are referred to
tertiary care centers. In clinical series, the prevalence ranges from 0.05 to 0.25%. The median
age at diagnosis ranges from 90 days to 45 years and males are more commonly affected than
females [86-89].

4.3. Pathology

Noncompaction of the left ventricular myocardium is caused by the arrest of intrauterine
compaction of the myocardial fibers, leading to prominent trabeculations giving the myocar‐
dium a spongy appearance [90]. It is often associated with other congenital cardiac anomalies,
especially obstruction of the right or left ventricular outflow tracts. However, the deep
intertrabecular recesses that persist in these cases are in communication with the ventricular
cavity and the coronary circulation [87]. In contrast, the intertrabecular recesses in isolated LV
noncompaction are in communication with the LV cavity only and not with the coronary
circulation. Histologically, there is myocardial thickening as well as interstitial and subendo‐
cardial fibrosis [91]. Microcirculatory dysfunction is present in both compacted and noncom‐
pacted segments which might explain the subendocarial scar noted on biopsies as well as the
wall motion abnormalities noted in imaging [92].

4.4. Genetics

Familial involvement was high in initial reports describing isolated LV noncompaction [93] In
later series involving adults, the familial recurrence ranged from 12 to 44%. Some mutations
involving the G4.5 gene have X linked Inheritance [94, 95]. However, autosomal dominant
inheritance has also been reported with mutations in chromosome 11p15 [95, 96].
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Sarcomere protein gene defects are also found in patients with ILVNC. Mutations in cipher/
ZASP, a gene encoding for the Z-band, can cause dilated cardiomyopathy as well as ILVNC
[97]. In a study of 63 unrelated patients with ILVNC, mutations in genes encoding sarcomere
proteins were identified in 11 patients. These genes include β myosin heavy chain (MYH7),
α-cardiac actin and cardiac troponin T. Similar sarcomere gene mutations, especially in MYH7
are also found in patients with hypertrophic and dilated cardiomyopathies [98]. These
sarcomere mutations could account for up to 29% of mutations in ILVNC, but they do not
predict clinical outcome [99].

4.5. Clinical presentation

Patients with isolated LV noncompaction can be asymptomatic for years and eventually could
present with heart failure, arrhythmias, embolic events and sudden cardiac death. The clinical
course is variable, with patients who are asymptomatic having a more stable clinical course,
while patients presenting with heart failure having a progressive clinical course with heart
failure and ventricular arrhythmias [100]. Most patients have some degree of LV dysfunction,
which has been reported in up to 60% of patients in the four largest reports of LV noncom‐
paction [86, 87, 93, 101]. However, presentation as congestive heart failure with dyspnea on
exertion has ranged from 30–68%. Patients could have systolic as well as diastolic dysfunction.
Microcirculatory dysfunction could lead to ischemia and scar causing wall motion abnormal‐
ities and systolic heart failure. While impaired filling and abnormal relaxation from prominent
trabeculations could lead to diastolic heart failure [92]. Several arrhythmias have been reported
with ILVNC, including atrial fibrillation (5–29% in major reports), atrial tachycardia, prema‐
ture ventricular complexes and ventricular tachycardia (18–47% in major reports). Sudden
cardiac death accounted for 50% of deaths in ILVNC. Presence of subendocardial scar can act
as a substrate of reentry in these patients. Embolic complications in ILVNC could be due to
thrombus formation in the recesses of the trabeculations, due to stagnant flow from severely
depressed LV function or from atrial fibrillation. These emboli can go to the cerebrovascular
circulation, peripheral circulation, or pulmonary circulation. The incidence of embolization
has ranged from 21–38%. Anticoagulation to prevent thromboembolic complications is very
important in ILVNC [91].

4.6. Electrocardiogram

Abnormalities noted in the electrocardiogram in patients with ILVNC include left bundle
branch block, right bundle branch block, left ventricular hypertrophy with repolarization
abnormalities, and AV block. Wolff-Parkinson-White syndrome has been described in children
with ILVNC. Atrial fibrillation, frequent premature ventricular contractions with sustained
and non-sustained ventricular tachycardia could be present and could be the first presentation
of the disease. There is a high prevalence of early repolarization in patients with ILVNC,
especially in those patients who present with malignant arrhythmias [86, 87, 102].
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4.7. Imaging in isolated left ventricular non-compaction

4.7.1. Echocardiography

Transthoracic echocardiography is the modality most commonly used to diagnose ILVNC
[103]. The most common criteria used for diagnoses have been proposed by Jenni et al, with a
ratio of noncompacted to compacted LV myocardium of 2 to 1 considered diagnostic [104].
This is typically measured at end systole in the parasternal short axis view. Deep intertrabec‐
ular recesses that are supplied from the LV cavity and absence of other congenital anomalies
are part of Jenni’s criteria. However, some experts suggest the ratio of noncompacted to
compacted myocardium should be measured but in the parasternal short axis view at end
diastole [103]. Chin et al proposed a measurement of compacted myocardium (C) to the total
thickness of both compacted and noncompacted layers (C + NC) at end diastole, with the ratio
of C/ (NC+C) of < 0.5 considered diagnostic. However, there is poor agreement between readers
when it comes to the ratio of noncompated to compacted myocardium, with only 74% of
agreement noted and there is poor agreement between these two criteria for diagnosis [105].
Jenni’s criteria are more specific while Chin’s criteria are more sensitive. In general the
noncompacted segments most commonly involve the apex more than the base, and are seen
mostly in the inferior wall and also in the lateral wall [104]. Multiple segments are usually
involved (Figure 2). The right ventricle is involved in 40% of the cases [89, 105]. Wall motion
abnormalities, impaired diastolic filling as measured from mitral inflow velocities are also
seen. Depressed LV ejection fraction is noted in a lot of patients with LV noncompaction, and
patients with severe LV dysfunction have a poor prognosis. It is important to differentiate
ILVNC from hypertrophic cardiomyopathy (especially the apical variant), dilated cardiomy‐
opathy, arrhythmogenic right ventricular dysplasia and endocardial fibroelastosis. But in
isolated LVNC, perfused recesses and hypokinetic segments are very specific, and the wall
thickening noted is confined to certain walls of the LV. Visualization of the trabecular recesses
could be enhanced using contrast. Transesophageal echocardiography could also be used in
diagnoses in patients with difficult windows.

4.7.2. Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) has been also used for diagnosis. Delayed gadolinium
enhancement has been seen in both compacted and noncompacted myocardium. In compacted
myocardium, delayed enhancement correlated well with fibrosis, while in the noncompacted
segments, delayed enhancement correlated with fibrosis as well as mucoid degeneration of
the endocardium [106]. MRI offers better spatial resolution and can help assess LV and RV
functions, wall motion abnormalities, as well as the ratio of compacted and noncompacted
segments, which has been shown to be an important predictor of major adverse cardiac events,
including heart failure, ventricular arrhythmias and thromboembolism. A ratio of noncom‐
pacted to compacted myocardium of > 2.3 at end diastole had the best sensitivity (86%) and
specificity (99%) in diagnosing ILVNC [107]. However, 140 patients (43%) of 323 patients in
the MESA cohort had at least one area with trabeculated to compact ratio of > 2.3 and the
authors advised caution in using these criteria alone for diagnosis of ILVNC [108]. The
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calculation of trabeculated LV mass using MRI could help also in the diagnosis of ILVNC, with
trabeculated LV mass of > 20% of the total LV mass having the highest sensitivity and specificity
(93.7%) in diagnosing ILVNC [109].

4.7.3. Other imaging modalities

Computed tomography scan could be used to diagnose ILVNC and has high spatial resolution.
Prominent trabeculations as well as deep intertrabecular recesses are typically seen [103].
Contrast ventriculography could also be used but is invasive. PET scan could show decreased
myocardial flow reserve in noncompacted areas as well as microcirculatory dysfunction in
both compacted and noncompacted myocardium but this has limited utility in establishing
the diagnosis [92, 110]. To date, Echocardiography and MRI remain the most common
modalities used for diagnosing ILVNC.

4.8. Therapy

Management of patients with ILVNC involves treating heart failure, protection from sudden
cardiac death, anticoagulation to prevent thromboembolic events, and screening of family
members. β-blockers, angiotensin converting enzyme inhibitors and angtiotensin receptor
blockers are used and have been reported to improve symptoms and the LVEF [111]. Antico‐
agulation with coumadin is recommended in all patients, even if they don’t have atrial
fibrillation. Electrophysiology testing to predict the risk of sudden cardiac death has not

Figure 2. Apical 2 chamber view showing prominent trabeculations in the apex and inferior walls consistent with Iso‐
lated Left Ventricular Non-Compation.
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yielded great results. Currently, the decision to implant a defibrillator (ICD) or biventricular
defibrillator (BiV ICD) is clear in patients who have survived a cardiac arrest or in patients
with LVEF <35% who qualify for an ICD or BIV ICD according to the current guidelines [39].
In a series of 30 patients with ILVNC who received ICDs or BiV ICDs according to the current
guidelines, Kobza et al showed that appropriate ICD therapy (either shocks or antitachycardia
pacing) occurred in 37% of cases with a mean follow up of 21 ± 16 months. Inappropriate shocks
occurred in 13% of cases. In patients who received ICD therapy for primary prevention, 33%
had appropriate ICD therapy with mean follow up of 27 ± 33 months. There were no predictors
of appropriate ICD therapy [112].

The prognosis of ILVNC varies. Initial reports were based on the experience in tertiary care
centers led to the belief that the prognosis is poor, with progressive heart failure leading to
death or transplantation in 47% of adults with ILVNC followed for 44 ± 39 months [91].
However, recent reports challenge this and asymptomatic patients in general have a good
prognosis [113]. Certain clinical characteristics are more common in non-survivors compared
to survivors, including higher LV end-diastolic diameter, New York Heart Association class
III–IV heart failure, left bundle branch block, and persistent atrial fibrillation. Patients with
such clinical characteristics need frequent follow up, with strong consideration for more
aggressive treatment [86]. Family screening is important, with transthoracic echocardiography
being the most common screening modality. Family members may have other forms of
cardiomyopathy, like dilated or hypertrophic cardiomyopathy [113]. Recent advances in
genetic testing will allow identification of the genetic mutation in the proband and help narrow
the search for the genetic mutations.

5. Conclusion

Cardiac Sarcoidosis, arrhythmogenic right ventricular dysplasia and isolated left ventricular
noncompaction are rare forms of cardiomyopathy that affect young patients and put them at
risk of sudden cardiac death. Early recognition and treatment is important. In the absence of
clear guidelines to prevent sudden cardiac death in this young population, the clinician should
use current knowledge, clinical judgment and expertise when treating these patients. Advan‐
ces in diagnostic imaging as well as genetic testing will help early diagnosis and identification
of affected family members.
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1. Introduction

Sudden cardiac death (SCD) is a major cause of death in the USA and accounts for almost half
of all cardiovascular deaths. The estimated annual incidence of SCD in the USA stands at
300,000 to 350,000. A significant fraction of the patients who die from SCD have underlying
cardiovascular pathology, most commonly some form of cardiomyopathy but, often the
disease remains unrecognized presenting with SCD as the first event. Ischemic heart disease
is overwhelmingly the commonest cause of SCD but other forms of cardiomyopathy become
more important cause of SCD in younger population. Although the patients with cardiomy‐
opathy account for a small fraction of population burden of SCD, a subset of these patients are
at high risk and this rationalizes aggressive preventive strategy in them (figure 1). Lower
prevalence of ischemic heart disease in younger population makes other forms of cardiomy‐
opathy more important in that population. Moreover, the relative contribution of SCD in the
population has changed as the epidemiology, natural course and outcomes of lifestyle related
cardiovascular diseases, particularly ischemic heart disease, have changed. In this chapter we
will review sudden cardiac death in patients with cardiomyopathies focusing on epidemiology
and risk stratification of SCD, and approaches for primary and secondary prevention strategies
in them.

2. Sudden cardiac death and various forms of cardiomyopathy

Most cardiomyopathies with primary myocardial pathology predispose to sudden cardiac
death. These include dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM),
left ventricular noncompaction and arrhythmogenic right ventricular cardiomyopathy
(ARVC). Apart from the primary pathologies involving the myocardium, various other
conditions can affect the myocardium secondarily due to myocardial stress, ischemia and
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infiltration. These conditions though not strictly classifiable as cardiomyopathies, but are
important and common causes of SCD in the setting of myocardial dysfunction. They include
ischemic heart disease, hypertension, valvular heart disease, and myocardial involvement
with conditions like sarcoidosis, amyloidosis.

3. Etiopathogenesis and pathophysiology of sudden cardiac death

The commonest mechanism of SCD is a ventricular arrhythmia, most often ventricular
tachycardia leading to vemntricular fibrillation. This accounts for 75-80% of all SCDs; the
remainder are the result of bradyarrhythmias. [1] Bradyarrhythmias including high grade AV
block and sinus node dysfunction may potentially be a mechanism of sudden death in
cardiomyopathies. However, assessing the exact electrophysiological mechanism of sudden
death may be complex since ventricular fibrillation may arise as an aftermath of a bradyar‐
rhythmia. Futhermore patients having suffered a VF arrest may be found to be in asystole (the
end stage of all arrhythmic sudden death) when first coming to medical attention, so both
mechanisms may be involved either as an initiator or as perpetuator in the event of sudden
death. In the Implanted Cardioverter Defibrillator (ICD) era with aborted sudden deaths due
to ICD shocks, bradyarrhythmic mechanisms of sudden death may be masked effectively by
back up bradycardia pacing by the ICDs.

Ventricular arrhythmias associated with cardiomyopathies result from primary electrical
defects inherent to the cardiomyopathy and activation of the neuro-humoral system in the

Figure 1. Absolute numbers of events and event rates of SCD in the general population and in specific subpopulations
over 1 y. General population refers to unselected population age greater than or equal to 35 y, and high-risk sub‐
groups to those with multiple risk factors for a first coronary event. Clinical trials that include specific subpopulations
of patients are shown in the right side of the figure. AVID _ Antiarrhythmics Versus Implantable Defibrillators; CASH _
Cardiac Arrest Study Hamburg; CIDS _ Canadian Implantable Defibrillator Study; EF _ ejection fraction; HF _ heart fail‐
ure; MADIT _ Multicenter Automatic Defibrillator Implantation Trial; MI _ myocardial infarction; MUSTT _ Multicenter
UnSustained Tachycardia Trial; SCD-HeFT _ Sudden Cardiac Death in Heart Failure Trial. (Adapted with permission
from reference 165)
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body as a compensatory hemodynamic mechanism. The efficacy of neuro-humoral blockers
like beta-blocker and renin-angiotensin-aldosterone axis blockers in effectively reducing the
risk of sudden cardiac death in cardiomyopathy, and relation of the risk of sudden cardiac
death to degree of hemodynamic jeopardy with cardiomyopathy suggest the latter mechanism.
In the following sections we will discuss the current knowledge of mechanisms of sudden
death in various forms of cardiomyopathies.

3.1. Ischemic cardiomyopathy

Ischemic cardiomyopathy is by far the most common cardiomyopathy leading to SCD
Commonest cause of SCD in these patients is ventricular tachyarrhythmia. Beyond the early
post-MI period, when recurrent MI and associated complications (mechanical and arrhythmic)
are more likely, almost three-fourth of patient deaths among those with prior MI (more than
three months old) and LV dysfunction are sudden and presumably arrhythmic, most likely
due to ventricular arrhythmias. [2] Susceptibility to ventricular arrhythmia in these patients
has multiple mechanisms. Scar resulting from myocardial infarction provides substrate for
reentrant ventricular tachycardia. Re-entry circuits involve areas of residual viable relatively
slowly conducting myocardial tissue inside the scars. These tracks of slowly conducting
myocardial tissue inside a scar, called isthmus, connecting two healthy or relatively healthy
areas form a full circuit for re-entrant arrhythmia. Patients with larger myocardial scar are
more likely to have reentrant circuit. [3] Moreover, larger scars also lead to more ventricular
remodeling and LV dysfunction, leading to activation of compensatory neuro-humoral factors
in the setting of left ventricular dysfunction and heart failure. These factors lead to changes in
repolarization and conduction properties of myocardial cells and abnormalities in intracellular
calcium homeostasis which are potentially arrhythmogenic by promoting triggered activity
and facilitating reentry. [4] Moreover, patients with ischemic cardiomyopathy have areas of
ischemic myocardium which predispose to the arrhythmia by changes in the myocyte
automaticity, excitability and refractoriness leading to dispersion of repolarization. The border
zones of the myocardial scars are important substrates for arrhythmia as they are composed
of fibrotic tissue as well as viable myocardium which are often ischemic. Heterogeneity of
infarct tissue as assessed by magnetic resonance imaging has been shown to predispose to
arrhythmia. Additionally, myocardial infarction leads to disturbances in the autonomic
innervation of the myocardium in the area surrounding the post-infarct scar which makes the
surrounding myocardium more susceptible to arrhythmia due to prolongation of refractory
periods in the denervated myocardium. [5] Apart from these, a patient with ischemic heart
disease is predisposed to SCD due to acute coronary syndrome.

3.2. Hypertrophic cardiomyopathy

Studies of HCM patients with ICDs have suggested that ventricular arrhythmias are the major
causes of SCD in this group of patients, [6], [7] although availability of back up pacing for
bradyarrhythmia precludes the ability of an ICD study to exclude the possibility of a bradyar‐
rhythmic etiology. [6] Bradyarrhythmias are, however, reported rarely in HCM so this seems
an unlikely possibility. Multiple pathologic, molecular and physiologic mechanisms could
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contribute to the causation of ventricular arrhythmias in patients with HCM. HCM is charac‐
terized pathologically by hypertrophied myocardium along with increased fibrosis and
myocardial disarray (figure 2). [8-10] Apart from these histopathological features that predis‐
pose to ventricular arrhythmias, there are also abnormalities of calcium handling at molecular
level. Cardiomyocytes in patients with systolic and diastolic heart failure have impaired ability
of calcium cycling due to altered expression and phosphorylation of sarcoplasmic calcium
ATPase 2(SERCA 2) and ryanodine receptor 2, key proteins involved in intracellular calcium
handling. [11], [12] Perturbed calcium fluxes have also been seen in HCM. [13], [14] Inefficient
energy utilization in some of the HCM associated mutations of troponin lead to insufficient
energy for the cardiomyocytes to maintain cellular calcium hemostasis, leading to increased
risk of arrhythmia especially during exercise. [15], [16] Microvascular dysfuction with
myocardial ischemia along with increased energy needs is another important factor contribu‐
ting to the arrhythmogenicity in HCM. [17], [18] Left ventricular outflow tract obstruction
(LVOTO) and altered systolic blood pressure response to exercise may mechanistically
predispose to SCD by electromechanical dissociation and demand ischemia. Hence arrhyth‐
mogenic substrates in HCM potentially include altered cellular handling of calcium, with
myocardial ischemia, patchy myocardial fibrosis and hypertrophy maintaining the arrhyth‐
mias. Moreover, presence of systolic or diastolic heart failure itself may contribute to the risk
by neuro-humoral activation. Apart from these intrinsic predispositions to arrhythmogenesis
in the natural course of disease, there has been recent concern of iatrogenic arrhythmias in
patients undergoing alcohol septal ablation, which leaves a large ventricular septal scar
predisposing to scar-related re-entrant ventricular arrhythmias. [19]-[21]

Figure 2. Photomicrographs showing hematoxyline and eosin-stained section with florid myocyte disarray and fibrosis
in familial HCM. Disarray is characterized by hypertrophic myocytes with enlarged and pleomorphic nuclei aligned at
odd angles to one another (panel A). Photomicrograph showing Masson’s trichrome stain with marked increase in
interstitial fibrosis, a hallmark of HCM (panel B). Adapted with permission from chapter ‘Cardiomyopathy’ by Sian
Hughes from the book ‘Cardiac Pathololgy: A Guide to Current Practice’ eds’ S. Kim Suvarna ISBN:
978-1-4471-2406-1 (Print) 978-1-4471-2407-8 (Online) (Springer).
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3.3. Arrhythmogenic cardiomyopathy

The hallmark of arrhythmogenic cardiomyopathy (previously called arrhythmogenic right
ventricular cardiomyopathy) is a defect in cell-cell adhesion caused by genetic defects most
commonly affecting the desmosomal proteins. Such defects lead to myocyte loss with fibrofatty
replacement of the myocardial tissue (figure 3), most commonly involving the right ventricle,
with left ventricular and biventricular involvement less commonly. This provides a substrate
for ventricular tachycardia from re-entry around the fibrous scar. [22] Reports of ventricular
arrhythmia in subjects harboring the genes of arrhythmogenic cardiomyopathy even in the
absence of detectable histopathological and MRI changes in the myocardium suggest an
additional electrical substrate distinct from simple reentry involving perhaps intracellular
signaling process or heterogeneity in conduction. Gap junction remodeling with paucity of
gap junctions in the myocardial cells of affected patients may also provide a substrate for
arrhythmia. [23]

Figure 3. Fibroadipose infiltration of the right ventricle, seen in the inset macroscopically top right, arrowed. Histology
shows the adipose and fibrous tissue replacement of the myocyte architecture (hematoxylin & eosin). Adapted with
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permission from chapter ‘Cardiomyopathy’ by Sian Hughes from the book ‘Cardiac Pathololgy: A Guide to Cur‐
rent Practice’ eds’ S. Kim Suvarna ISBN: 978-1-4471-2406-1 (Print) 978-1-4471-2407-8 (Online) (Springer).

3.4. Dilated cardiomyopathy

Dilated cardiomyopathy is characterized by loss of myocardial cells with interstitial, perivascu‐
lar and replacement fibrosis, which provide an arrhythmogenic substrate (figure 4). [24], [25]
Frequently the reentry circuits of these arrhythmias exit on the epicardial aspect of the myocar‐
dium, as distinct from ischemic cardiomyopathy where endocardial circuits are the rule. [25] This
is related to the differences in the pathogenetic mechanism of scar formation in the two groups
of patients, patients with ischemic cardiomyopathy having predisposition to endocardial scar
due to subendocardial ischemia and acute coronary events, while patients with dilated cardiomy‐
opathy having epicardial scar more often than ischemic cardiomyopathy. This also has implica‐
tions on therapeutic approach as patients with nonischemic cardiomyopathy with VT frequently
require epicardial approach for catheter ablation. [26] Arrhythmic events occurring in patients
with idiopathic dilated cardiomyopathy are nonsustained and sustained VT and ventricular
fibrillation in addition to isolated ventricular ectopy. [27], [28] Bundle branch reentry VT is
relatively commoner form of VT in patients with dilated cardiomyopathy, constituting 6-11% of
patients referred for catheter mapping of monomorphic VT. [26], [29] Spontaneous sustained VT
is rare in DCM and this diagnosis should raise the suspicion of other types of cardiomyopa‐
thies that do commonly cause scar related ventricular arrhythmias, including sarcoidosis, Chagas
disease and left dominant arrhythmogenic cardiomyopathy. Spontaneous sustained VTs are
caused by scar-related related reentry or bundle branch reentry. [25], [29] Neurohumoral
activation, myocardial stretch secondary to mechanical overload and electrolyte disturbance all
can contribute to arrhythmogenesis by a non-reentrant mechanism facilitating focal mecha‐
nisms of arrhythmogenesis like triggered activity and focal automaticity. [28]

3.5. Left Ventricular noncompaction

Left ventricular noncompaction is a recently recognized form of cardiomyopathy. Also
referred to as left ventricular hypertrabeculation, LV myocardium in these patients shows
increased trabeculation, unlike normal compact structure of the LV. Imaging with echocar‐
diography or cardiac MRI, showing thick endocardial noncompact layer of myocardium and
relatively thin epicardial compact myocardium, usually makes the diagnosis. Apart from heart
failure and thromboembolic events, patients with ventricular noncompaction are known to be
at an increased risk of sudden cardiac death due to ventricular arrhythmias. Life-threatening
ventricular tachycardias are reported in almost one fifth of the patient. The arrhythmogenic
substrate is in the form of subdendocardial fibrosis due to microcirculatory dysfunction (figure
5). [30], [31]

3.6. Other cardiomyopathies

Sarcoidosis frequently involves the myocardium, causing infiltration and scarring. Although
at least 25% of patients with sarcoidosis have cardiac involvement based on autopsy data, only
5% have cardiac symptoms. Patients with sarcoid cardiomyopathy are at an increased risk of
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developing a conduction system abnormality due to involvement of basal part of the inter‐
ventricular septum and this may result in complete heart block [32], [33] and potentially
sudden cardiac death. Ventricular arrhythmia is another mechanism of sudden cardiac death
in patients with cardiac sarcoidosis. Resolving inflammation and resulting scarring of the
myocardium provides substrate for reentrant ventricular arrhythmias. [34], [35]

Cardiac amyloid infiltration is another disorder associated with increased risk of sudden
cardiac death. Amyloid infiltration with perivascular fibrosis and small vessel ischemia [36]
is instrumental in pathology of cardiac conduction system and myocardium. These patholog‐
ical changes lead to the electrophysiological abnormalities responsible for sudden cardiac

Figure 4. Photomicrographs of the myocardium from a 35-year-old female. (A) Shows evidence of myofibre hypertro‐
phy, interstitial fibrosis (*) and areas of lymphocytic infiltration (arrows) consistent with resolving myocarditis (H&E).
(B) While some myocytes are hypertrophied with enlarged nuclei (black arrow), others are thinned and elongated
with nuclei that occupy almost the entire width of the myocyte (white arrow). Some myocytes appear “empty”; likely
due to diminished numbers of myofibrils. Areas of interstitial fibrosis (*) and fat infiltration (F) can also be seen (H&E).
(C) Photomicropgraph showing evidence of interstitial fibrosis (*), subendocardial fibrosis (arrows) and endocardial fi‐
broelastic changes (arrowheads) (H&E). (D) Microphotograph of myocardium showing degenerative changes in the
left bundle (dotted line). These changes may appear as a bundle branch block on ECG. Areas of interstitial fibrosis (*)
and lymphocytic infiltration (arrows) are also seen (elastic trichrome stain). Adapted with permission from Luk et al,
Dilated cardiomypathy : a review. J Clin Pathol 2009;62:219-225.
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death due to bradyarrhythmia or ventricular tachyarrhythmia. [37] Frequently the cause of
sudden death in these patients is pulseless electrical activity, presumably resulting from the
severe diastolic dysfunction associated with amyloidosis. [38]

Inherited muscular dystrophies like Duchenne and Becker muscular dystrophies have skeletal
and cardiac muscle involvement and cardiac pathology essentially manifests as dilated
cardiomyopathy with associated heart failure and risk of sudden cardiac death. However,
muscular dystrophies like Emery-Dreifuss (X-linked and autosomal variants), limb girdle
muscular dystrophy type 1B, entity of DCM with conduction system disease (associated with
lamin A/C mutations) and myotonic dystrophy are associated with high risk of sudden cardiac
death. In these conditions sudden cardiac death was traditionally thought to be primarily due
to conduction system disease and bradyarrhythmia. However, after routine implantation of
pacemakers, it has been recognized that ventricular arrhythmias also contribute to sudden
cardiac death in these patients. These conditions are associated with cardiomyopathy, with
LV dysfunction as a late feature in the natural course of disease; sudden cardiac death is an
early feature of cardiac involvement. The molecular pathogenesis of cardiac arrhythmias and
conduction system disease in these patients is an area of active research. [39]

4. Risk of sudden cardiac death in cardiomyopathy: Epidemiology and risk
stratification

The epidemiologic risk of sudden cardiac death in cardiomyopathy is often difficult to assess
because it is frequently impossible to determine the size of the population at risk. Determina‐
tion of risk is skewed by referral bias. The risk of sudden death has been studied with these

Figure 5. Photomicrographs of myocardium from a patient with LV noncompaction. Panel A shows low-power hema‐
toxylin- and eosin-stained photograph from noncompacted layer shoing ‘fingerlike’ projections. Panel B has a photo‐
micrograph with Masson’s t trichrome stain showing prominent endocardial and subendocardial fibrosis, which is a
feature of this disease due to abnormal myocardial microperfusion. Adapted from chapter ‘Cardiomyopathy’ by
Sian Hughes from the book ‘Cardiac Pathololgy: A Guide to Current Practice’ eds’ S. Kim Suvarna ISBN:
978-1-4471-2406-1 (Print) 978-1-4471-2407-8 (Online) (Springer).
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limitations in several groups of patients, most notably in those with ICM but also in hyper‐

trophic cardiomyopathy and arrhythmogenic cardiomyopathy. Attempts to identify features

predicting higher risk of sudden cardiac death have helped in management decisions. In this

section we will discuss available knowledge about risk of sudden death and risk stratification

in patients with cardiomyopathy.

Hypertrophic cardiomyopathy Dilated cardiomyopathy

Major risk factors

· Prior cardiac arrest

· Spontaneous sustained VT

· Family history of 1 or more

· instances of SCD

· Nonsustained VT (≥3consecutive beats at ≥120 bpm)

· Failure of systolic BP to rise by ≥20 mm Hg during maximal

upright exercise testing

· Unexplained syncope

· Maximum LV wall thickness ≥30 mm

Other risk factors

· Resting LV outflow tract

· obstruction

· Microvascular ischemia

· Diffuse late gadolinium

· enhancement on cardiovascular

· magnetic resonance

· Paced electrogram fractionation

· analysis

· Prior alcohol septal ablation

· Burnt out disease

· High-risk mutation

· Prior cardiac arrest

· Left Ventricular systolic function

· History of syncope

· Genetic factors

· NYHA functional class

· Prolongation of QRS

· QT dynamicity

· QRS fragmentation

· Heart rate variability, heart rate turbulence and

heart rate recovery,

· Baroreflex sensitivity

· T-wave alternans

· Myocardial fibrosis: serum markers, cardiac MRI

Ischemic cardiomyopathy

· Prior cardiac arrest outside the setting of acute

coronary syndrome

· LV systolic function

· NYHA fuctional class

· QRS duration

· QT interval prolongation

· QT dispersion,

· T-wave alternans

· Abnormal SAECG

· Heart rate variability, heart rate turbulence and

heart rate recovery,

· Baroreflex sensitivity

Arrhythmogenic right ventricular cardiomyopathy

· Prior cardiac arrest

· History of syncope

· RV dilatation/dysfunction

· LV involvement

· QRS dispersion

· Right precordial QRS prolongation and late potentials on SAECG

Table 1. Risk predictors for SCD in cardiomyopathies
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4.1. Ischemic cardiomyopathy

Attempts at risk stratification for SCD initially included patient with history of myocardial
infarction and LV systolic dysfunction emerged as the strongest predictor of overall mortality
and SCD in them. [40]-[45] Many other potential risk factors have been studied, but LVEF
remains the strongest and most widely used predictor of SCD risk. ICD trials for prevention
of SCD have established the role of LV systolic function as the most important risk predictor.
Other important predictors of SCD in these patients include electrocardiographic parameters,
functional class, inducibility of ventricular arrhythmia with programmed ventricular stimu‐
lation, autonomic and neuro-humoral predictors and disturbances in autonomic innervation
of the myocardium.

1. LV systolic function emerged from studies in post-MI patients as a predictor of SCD. An
analysis of 20 studies found the relative risk of a major arrhythmic event in patients with
LVEF≤30% to 40% to be 4.3. [46] The Second Multicenter Automatic Defibrillator Implan‐
tation Trial (MADIT-II) and the Sudden Cardiac Death Heart Failure Trial (SCD-HeFT)
clearly demonstrated the benefit of ICD implantation in patients with LVEF less than 30%
or 35% respectively in preventing sudden death and reducing absolute mortality in
patients with history of myocardial infarction. [47], [48]

2. Functional class is a surrogate of severity of heart failure and heart failure severity
predisposes to arrhythmogenesis by neuro-humoral mechanisms and homeostatic and
hemodynamic changes. NYHA class has been used as criterion to enroll patients in the
ICD trials and some of these studies have found its predictive value. Subgroup analysis
of SCD-HeFT enrolling patients with congestive heart failure with either ischemic or
nonischemic cardiomyopathy showed that patients with NYHA class III did not appear
to benefit as opposed to patients with NYHA class II. [48] On the other hand in MADIT-
II patients, there were no significant differences in the outcomes based on NYHA class.
[47] NYHA functional class III was found to be the strongest independent predictor of
ICD therapy in the Trigger Of Ventricular Arrhythmia (TOVA) trial. [49]

3. Programmed ventricular stimulation with inducible VT/VF has been recognized as a
predictor of sudden cardiac death in patients with history of myocardial infarction.
MADIT-I study which included patients with inducible VT/VF and LVEF ≤ 35% showed
a 26% absolute reduction in mortality at 27 months follow-up. [50] The reduction in
mortality was much lower at 6-7% absolute reduction in mortality in patients with
MADIT-II trial which enrolled patients with LVEF ≤ 30% and in a mixed population of
ischemic and nonischemic cardiomyopathy patients in SCD-HeFT enrolling patients with
LVEF ≤ 35% without electrophysiological assessment of inducibility. [47], [48] The
Multicenter UnSustained Tachycardia Trial (MUSTT), enrolling patients with LVEF≤40
and inducible VT on invasive assessment showed similarly high absolute reduction in
mortality of 31% at five years of follow up. [51]

4. Ventricular ectopy and NSVT has been shown to increase the risk of sudden cardiac death
in patients with history of MI in multiple studies. In the early observational studies from
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1970s and 1980s, VPBs (≥10 per hour) and NSVT in post-MI patients showed increased
risk of overall mortality. [40], [42], [52], [53] Similar effect of ventricular ectopy and NSVT
in post-MI patients has also been seen in the era of thrombolytic therapy for acute MI. [45],
[54]-[57] GISSI-2 trial showed a mortality of 5.5% at six months after MI in patients with
more than 10 VPBs per hour compared to 2% in those with less frequent VPBs. [57] Positive
predictive value of VPBs in predicting cardiac arrhythmic events is in the range of 5% to
15% with negative predictive value of in the range of 90%. [58] However, when combined
with LV ejection fraction, ventricular ectopy becomes a stronger risk predictor of SCD in
post-MI patients. In European Myocardial Infarction Amiodarone Trial (EMIAT), post-
MI patients with LVEF ≤ 40% had higher mortality in the presence of frequent or complex
arrhythmias on ambulatory ECG than in their absence (20% vs. 10%). [59] Moreover,
MADIT-I and MUSTT enrolled patients based on the presence of NSVT and showed
benefit in terms of reduction in all-cause mortality and SCD with ICD, all these patients
had to have inducible ventricular arrhythmia for being enrolled into the study. [50], [51]

5. Electrocardiographic parameters have been studied in multiple studies and can be divided
into parameters assessing ventricular conduction abnormality and parameters of ventric‐
ular repolarization abnormality. Parameters of conduction abnormality including QRS
duration, abnormalities on signal averaged ECG, and fractionation of QRS have been
studied in many studies. Parameters of repolarization abnormality including QT interval
prolongation, QT dispersion, T wave variance, QT dynamics, QT/RR slope and T-wave
alternans have all been studies in many studies. Each of these parameters confer a small
risk of sudden cardiac death individually. [60]-[62]

6. Parameters of autonomic function include heart rate variability, heart rate turbulence, baro-
receptor sensitivity and deceleraltion capacity. These again have been found to increase
the risk of sudden death in patients history of myocardial infarction with in many small
studies. [60]-[62]

7. Myocardial scar is instrumental in the pathogenesis of ventricular tachycardia by providing
the substrate for reentry circuit. Myocardial scar area assessed by cardiac MRI has been
demonstrated to be a predictor of inducible VT on electrophysiological study. [3] More‐
over, heterogeneity of scar in the border zone of infarct can be assessed by MRI and has
been shown to be a predictor of inducible and spontaneous ventricular arrhythmias. [63],
[64]

8. Cardiac autonomic denervation has been suggested a potential risk for arrhythmogenesis in
post-MI patients. Although denervation of peri-infarct tissue was found to be a risk factor
for inducible ventricular arrhythmia in animal model, [65] it failed to show any value in
a small clinical study. [66] However, a study in a population of heart failure patients
including both ischemic and nonischemic cardiomyopathy, showed increased risk of
ventricular arrhythmia with disturbances in myocardial innervation assessed by mIBG
scintigraphy. [67]
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9. Combinations of risk factors: As individual risk factor are not strong enough to predict SCD
and probably in isolation do not justify the use of ICD therapy to prevent SCD with the
current level of evidence, there has been an attempt to combine multiple risk factors to
create a model to enhance the predictability of SCD. Although there are multiple small
studies combining various risk factors to achieve the goal of refining the risk stratification
strategy, there is a need to assess these risk models in a prospective manner. [61], [68]

Study Patient population

LVEF of

enrolled

patients (%)

All-cause mortality (%) Risk reduction (%)

Control ICD Relative Absolute

Primary prevention ICD trials

AVID
VFib, VT with syncope, VT with EF

≤40%
32 25 18 27 7

CIDS

VFib, out-of-hospital cardiac arrest

due to VFib or VT, VT with syncope,

VT with symptoms and EF ≤35%,

unmonitored syncope with

subsequent spontaneous or induced

VT

34 21 15 30 6

CASH VFib, VT 46 44 36 23 8

Primary prevention ICD trials

MADIT

Prior MI, EF ≤35%, N-S VT, inducible

VT non-suppressible with IV

procainamide

26 32 13 59 19

CABG Patch
Coronary bypass surgery, EF <36%,

SAECG (+)
27 18 18 - -

MUSTT
CAD (prior MI ~95%), EF ≤40%, N-S

VT, inducible VT
30 55 24 58 31

MADIT II Prior MI (>1 month), EF ≤30% 23 22 16 28 6

DEFINITE
Nonischemic CM, Hx HF, EF ≤35%,

≥10 PVCs/hr or N-S VT
21 14 8 44 6

DINAMIT

Recent MI (6-40 days), EF ≤35%,

abnormal HRV or mean 24-hr heart

rate >80/min

28 17 19 - -

SCD-HeFT Class II-III CHF, EF ≤35% 25 36 29 23 7

Table 2. ICD trials
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4.2. Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy is frequently complicated by sudden cardiac death, and SCD
in, for example, athletes is frequently caused by HCM. This being said, early estimates of the
gravity of the prognosis of HCM were probably driven by referral bias of difficult cases to
specialist centers, and studies of more inclusive cohorts of patients indicate a much more
favorable prognosis. [69] A study by Maron et al analyzing a cohort of 774 non-referral-based
HCM patients showed an incidence of SCD of 0.7% per year. [70] They showed that although
SCDs occur across the age groups in patients with HCM, there are two peaks of SCD risk during
life, one in the early childhood and the other later in older age group in seventh and eighth
decades of life.

Several risk factors associated with SCD in HCM have been identified and it is important to
recognize this high-risk subset of patients for management strategies and prognostication.

1. History of syncope: In patients with HCM syncope is an important predictor of SCD. This
has been confirmed by multiple survival studies and a systematic review of 11 survival
studies. [71] Five of these survival studies showed a significant association between
history of syncope and SCD in these patients. [72]-[76] and in the systematic review the
hazard ratio was 2.68 (95% CI 0.97-4.38) for SCD. This association is clinically important
and a history of syncope in a HCM patient is worrisome and should prompt further
intensive investigation.

2. Non-sustained ventricular tachycardia (NSVT) with ≥3 consecutive ventricular beats at a rate
of 120 beats per minute lasting for <30 seconds has been shown to be significantly
associated with SCD in patients with HCM. [73], [77]-[79] The systematic study evaluating
the risk of SCD with NSVT showed a hazard ratio of SCD of 2.89 (95%CI 2.2-3.6). [71] The
risk of SCD associated with NSVT is lower in patients with older age (31-75 years), whereas
younger patient (14-30 years of age) have more than a four-fold increased risk of SCD (HR
4.35, 95% CI1.54-12.28). [77]

3. Severe left ventricular hypertrophy (LVH) has been found to be a predictor of sudden cardiac
death in multiple studies. [8], [72], [77], [80]-[82]In a recent systematic review the risk of
SCD was found to be three-fold (hazard ratio 3.1, 95%CI 1.81-4.4) despite variable
definitions. [71] Although most of the studies used a cut off for maximum wall thickness
of ≥30 mm, there has been concern about variability in measurement across the studies
and lack of data about pattern of LVH. One study used Wigle scores, a semi-quantitative
scoring system described earlier, [83] for LVH severity and showed increased risk of SCD
with increasing Wigle score. [81]

4. Family history of SCD and Genetic markers: Familial association of SCD has been described
in patients with HCM in early studies. [84]-[86] A systematic review of survival studies
showed an increased risk of SCD in patients with family history of SCD with hazard ratio
of 1.27(95%CI 1.16-1.38) [71]Family members tend to share genetic abnormality, and
certain specific genetic mutations have been associated with higher risk of SCD. For
example, troponin T mutations have been reported to have association with high risk of
SCD, often disproportionate to the other phenotypic expression. [87]
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5. Left ventricular outflow tract obstruction (LVOTO): The severity of the dynamic LVOTO is
associated with an increased risk of SCD. The mechanism of this could be reduction of
cardiac output and electromechanical dissociation, but myocardial ischemia induced by
increased ventricular stress is also of possible etiologic significance. An instantaneous
pressure gradient of 50 mmHg across the LVOT is considered to be clinically significant.
Five studies have shown significant association between LVOTO and SCD in patients with
HCM. [73], [76], [79], [88]

6. Systolic blood pressure response to exercise is altered in many patients with HCM probably
due to decreased systemic vascular resistance. [89] Sadoul et al demonstrated in 161 HCM
patients ≤40 years old that failure of systolic blood pressure to rise ≥20 mmHg during
exercise or a fall of >20 from the peak systolic blood pressure was associated with an
increased risk of SCD (15% vs 3%, p<0.009). [90] However, analysis of multiple survival
studies with data from a wider age range did not confirm this association (hazard ratio
1.23, 95%CI 0.64-1.96) [71] but four of these studies did show abnormal systolic blood
pressure response to be a risk factor for SCD in subjects ≤40 years old. [73], [76], [77], [80]

7. Other factors: Atrial fibrillation and left atrial size may reflect the risk of SCD as they reflect
the severity of left ventricular pathology. [74], [91] NYHA functional class is also a function
of diastolic dysfunction, myocardial ischemia, LVOTO, atrial arrhythmias and adverse
remodeling, and potentially can be associated with SCD, but studies reporting survival
analysis for SCD did not report any significant association. Late gadolinium enhancement
on MRI, which is suggestive of presence of extracellular myocardial collagen deposition
and a potential substrate for ventricular arrhythmias, was not associated with SCD in a
recent study, although it was associated with cardiovascular morbidity and mortality. [10]
Increased fractionation of the paced right ventricular electrogram at invasive electrophy‐
siological study has been found to be associated with SCD in patients with HCM and this
is presumably a reflection of myofibrillar disarray. HCM patients with LV systolic
dysfunction should be considered at a higher risk of SCD similar to other causes of LV
systolic dysfunction. Age of the patient modifies the risk of SCD in patients with HCM as
suggested by multiple studies with higher risk in adolescence and early adulthood. The
survival study by Spirito et al showed a significant reduction in SCD risk with increasing
age, however, this study did not include other established risk factors in multivariate
analysis.[74]

4.3. Arrhythmogenic cardiomyopathy

Ventricular arrhythmia, principally VF is the mode of SCD in patients with arrhythmogenic
cardiomyopathy. The absolute risk of SCD in a patient with ARVC has been reported, although
inconsistencies between different studies make it hard to establish the degree of risk. The
annual risk of SCD in studies from the pre-ICD era in high-risk cohorts was in the range of
1-1.5%. [92]-[94] Sports activity increases the risk of SCD by five fold. [95] Although more recent
follow-up studies of patients with ICDs have shown a higher annual rate of ICD intervention,
of 5-8%, [96], [97] an ICD intervention may not be a good surrogate for SCD. A follow-up study
of patients diagnosed on the basis of aggressive screening of the family members of the
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probands showed much lower annual incidence of SCD at 0.08% per year. [98] This suggests
a strong selection bias of high-risk patients in the previous follow-up studies and with current
approach of aggressive screening of the family members of probands; the previous estimates
of the degree of risk of SCD may not be applicable. Many studies have tried to establish
parameters to predict the risk of sudden death.

1. History of syncope has been documented as a precursor of SCD in multiple studies. [93] In
a study by Nava et al syncope was the only clinical variable predictive of SCD in probands,
while none of the family members of the proband had history of syncope. [98] The Darvin
II study and data from the Johns Hopkins arrhythmogenic cardiomyopathy clinic have
evaluated the importance of history of syncope in patients receiving ICD. The multi-center
Darvin II study showed that syncope is a strong predictor of life-saving device interven‐
tion in patients with ICD. In the Johns Hopkins cohort, although 75% of the patients with
AC receiving appropriate ICD therapy did not have history of syncope, one half of patients
with history of syncope prior to the implantation of ICD received appropriate ICD therapy
(9%/year). A recent history of syncope was even stronger predictor of appropriate ICD
therapy compared to remote history of syncope. [99]

2. Prior history of hemodynamically unstable ventricular arrhythmia or cardiac arrest is a strong
predictor of SCD. A history of arrhythmic cardiac arrest or hemodynamically unstable
VT, but not a history of hemodynamically stable VT, was found to be independent
predictor of life-saving ICD therapy in a study by Corrado et al. [96] In another study by
Canu et al with retrospective analysis of 22 patients, previous history of resuscitated VF
was present in two out of three patients who died suddenly. [100]

3. Electrocardiographic parameters including QRS dispersion, right precordial QRS prolonga‐
tion and late potentials on signal-averaged ECG (SAECG) have been found to be associ‐
ated with risk of SCD. Turrini et al demonstrated longer QRS duration in right precordial
leads in patients with SCD as compared to those without. [101] QRS dispersion of >40
msec was strong independent predictor of SCD in this study. Late potential on SAECG
have not been found to predict arrhythmic risk in these patients. [102]-[104] Although in
the study by Turrini et al late potentials were univariate predictors of sustained VT,
decreased RV ejection fraction remained the only independent predictor in multivariate
analysis. [104]

4. RV dilatation/dysfunction and LV involvement are important predictors of poor outcome
[105] and SCD [106] in arrhythmogenic cardiomyopathy. RV dysfunction has been
associated with increased risk of ICD discharges and sustained VT. [97], [104], [107] It is
not clear as yet if LV involvement detected by tissue characterization without LV dilata‐
tion or dysfunction increases the risk of SCD.

5. Other factors: Most of the genetic variants of arrhythmogenic cardiomyopathy have similar
risks of SCD. However a very malignant genetic variant with TMEM43 gene mutation
significantly increases the risk of SCD. [108] Studies evaluating the significance of
programmed ventricular stimulation as a predictor of SCD in the patients with arrhythmo‐
genic cardiomyopathy has shown mixed results. The DARVIN studies and the study by
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Wichter et al did not show any significant predictive value of programmed ventricular
stimulation in predicting ICD discharges. [96], [97], [109] Although the Johns Hopkins
study did show some relationship between programmed stimulation of ventricular
arrhythmia and later ICD shocks, the association did not confer good positive and
negative predictive values (65% and 75% respectively). [99] Hence, withholding ICD
therapy on the basis of negative EP study should not be recommended and other param‐
eters for risk stratification should be taken into consideration to make a decision for ICD
implantation.

4.4. Dilated cardiomyopathy

SCD in patients with dilated cardiomyopathy is one of the major causes of mortality, consti‐
tuting nearly one-third of all deaths. Left ventricular systolic function as determined by LVEF
and NYHA functional class have become the most extensively used variable to stratify risk of
SCD in this group of patients. Other parameters including a history of syncope, genetic factors
and programmed ventricular stimulation have been evaluated to stratify the risk of SCD in
these patients, and these are summarized below.

1. Left Ventricular systolic function is associated with increased overall mortality and SCD in
patients with nonischemic dilated cardiomyopathy. [110]-[112] This has been reaffirmed
by the reduction in SCD seen with ICD implantation in patients with NIDCM with LV
systolic dysfunction in DEFINITE and SCD-HeFT ICD trials. [48], [113]

2. NYHA functional class is important determinant of overall survival and SCD in patients
with systolic heart failure. [114] However, with worsening NYHA functional class, non-
sudden death becomes relatively more important in patients with heart failure compared
to SCD. Patients with NYHA class III were significantly more likely to receive ICD therapy
for ventricular arrhythmia even after adjusting for LVEF in TOVA study, however, there
were very few patients with NYHA class IV in this study. [49] NYHA class IV patients,
although at risk of arrhythmic death, are less likely to benefit from ICD due to competing
risk of non-sudden heart failure death. Majority of patients in the major ICD trials (SCD-
HeFT and DEFINITE) were class II and class III patients, and the reduction in SCD in these
groups of patients is well established. [48], [113] However, NYHA class I patients were
largely under-represented in majority of the ICD trials with the exception of DEFINITE
study which had 21.6% patients in NYHA class I.

3. History of syncope increases the risk of SCD in patients with heart failure with dilated
cardiomyopathy. In a SCD-HeFT sub-study patients with history of syncope had higher
frequency of receiving appropriate ICD therapy compared to those without a history of
syncope. Moreover, patients with history of syncope had similarly increased risk of
mortality in ICD (HR: 1.54, 95% CI 10.4-2.27), amiodarone (HR: 1.33, 95% CI 0.91-1.93) and
placebo (HR: 1.39, 95% CI 0.96-2.02) arms (p=0.86 for test of difference between the three
arms).

4. Genetic factors: There has been a recent recognition of certain genetic mutations associated
with increased risk of SCD in patients with dilated cardiomyopathy. For example, dilated
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cardiomyopathy associated lamin A/C gene (LMNA), which is also associated with
cardiac conduction defects, has been found to have particularly high risk of SCD. A
significant proportion of these patients received appropriate ICD therapy even before the
development of heart failure. [116], [117] These patients are at a higher risk of sudden
death with lower degree of LV systolic dysfunction and a recent study has suggested high
risk of malignant ventricular arrhythmia in patients who are male, have dilated LV, have
NSVT or LVEF < 45%. [118] SCN5A overlap syndrome with dilated cardiomyopathy are
at increased risk of SCD.

5. NSVTs and PVBs have not been found to have predictive value in of arrhythmic event in
patients with DCM. In medically stabilized patients Zecchin et al failed to show any
difference in arrhythmic event between patients with and without NSVTs. [119] NSVT
was not evaluated for prediction of SCD in the large primary prevention trial like
DEFINITE and SCD-HeFT, [48], [113]

6. Others factors: Electrocardiographic parameters have been evaluated to identify the groups
of dilated cardiomyopathy patients with risk of SCD. [120], [121] Prolongation of QRS
and presence of left bundle branch block are independent predictors of SCD. Parame‐
ters of QT dynamicity and QRS fragmentation may be useful in risk stratification of SCD.
[122],  [123] SAECG, heart  rate variability,  heart  rate turbulence,  heart  rate recovery,
baroreflex sensitivity and T-wave alternans have been evaluated and each individual
risk factor has a small effect size. [61], [62] As discussed earlier in the section on ischemic
cardiomyopathy, these ECG parameters and parameter of autonomic function have small
effect  when  used  individually  and  may  have  a  stronger  risk  predictive  value  in
combination. [61], [68] Assessment of myocardial fibrosis by various methods includ‐
ing serum markers of fibrosis and cardiac MRI with late gadolinium enhancement may
potentially become a tool in risk stratification for sudden cardiac death in patients with
dilated cardiomyopathy. [124]

4.5. Other cardiomyopathies

Left ventricular noncompaction is associated with left ventricular dysfunction and risk of
ventricular arrhythmia. Studies to assess the degree of risk and parameters to stratify the risk
have not been done in this group of patients, but it is noteworthy that the diagnosis has only
recently been recognized. LV systolic dysfunction may be a predictor of SCD in these patients,
although concerns have been raised about its value. [125] Any other parameter to stratify the
risk is still speculative.

Patients with cardiac sarcoidosis have poorer prognosis compared to idiopathic dilated cardio‐
myopathy with similar degree of LV systolic dysfunction. [126], [127] Patients ventricular
tachycardia or atrioventricular block are at a high risk of adverse cardiac events. Presence of
AV block in patients with cardiac sarcoidosis younger than 55 years increase the risk of adverse
cardiac outcomes over 2 years by ten-fold as compared to patients without cardiac sarcoidosis.
[32] Asymptomatic cardiac involvement in sarcoidosis has been largely reported to have
benign prognosis, [128]-[130] although one recent report recorded 19% mortality (5 out of 21
patients with MRI diagnosed cardiac sarcoidosis) over a follow-up period of 21 months. [131]
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Assessment of SCD risk in cardiac amyloidosis is not well defined. Little data is available on
risk stratification,  and the usual  approach in  these  patients  is  secondary prophylaxis  or
extrapolation of risk factors from other types of cardiomyopathies, e.g., LV systolic dysfunc‐
tion.  The degree of  myocardial  involvement  in  sarcoidosis  may be important  in  clinical
decision-making. Patients with hereditary dystrophies behave largely like dilated cardiomyop‐
athy and risk stratification in these patients again conforms to the risk stratification of dilated
cardiomyopathy.

5. Management

5.1. Pharmacotherapy and sudden cardiac death prevention

The role of pharmacotherapy in the prevention of SCD is two-fold. First, many neuro-humoral
modifiers for the treatment of heart failure result in reverse remodeling of the left ventricle
and may therefore reduce the overall mortality, and the risk of SCD. Examples include ACE
inhibitors, angiotensin receptor blockers, aldosterone antagonists and beta-blockers. Second,
antiarrhythmic medications have been used in patients with cardiomyopathy to reduce the
risk of SCD. Examples would be beta-blockers including sotalol, amiodarone and other
antiarrhythmic medications.

Amiodarone has been evaluated in large randomized trials in post-MI patients. The Canadian
amiodarone myocardial infarction arrhythmia trial (CAMIAT) conducted in 1202 post-MI
patients with a mean LVEF of 30% and greater than 10 PVC’s per hour demonstrated a small
but significant reduction in arrhythmic death (4.5% versus 6.9%, P = 0.016) but no reduction
in all-cause mortality in patients on amiodarone. [56] The European Myocardial Infarct
Amiodarone Trial (EMIAT) of 1486 similar patients did not show any difference in arrhythmic
or all-cause mortality between the two groups of patients. [59] A meta-analysis of 15 random‐
ized controlled trials in a total of 8522 patients that evaluated amiodarone for prevention of
SCD showed a small but significant reduction in SCD (7.1% vs 9.7%; OR 0.71, p<0.001) but no
important change in overall mortality. [132] In the general population of heart failure patients
the SCD-HeFT trial did not show any reduction in all-cause mortality with amiodarone
treatment in comparison with placebo. [48]

Sotalol a beta-blocker that is also a class III antiarrhythmic drug (i.e., prolongs QT interval) has
been studied for prevention of SCD in patients with post-MI LV systolic dysfunction with
mixed results. A study by Julian et al evaluated the role of racemic d,l-sotlol in 1456 patients
5-14 days after MI. Racemic sotalol exhibits both beta blocking properties (the l-isomer) and
class III antiarrhythmic effects (the d-isomer), and this combination showed a nonsignificant
reduction in mortality over one-year follow up. [133] By contrast, oral d-sotalol, in the SWORD,
trial showed increased mortality in 3121 patients with recent (6-42 days) MI or with remote
(>42 days) MI with symptomatic CHF with LVEF ≤40%. [134] This lack of benefit or actual
harm seen in SWORD trial may be due to lack of beta-blocking property of d-sotalol, which
probably led to some benefit seen in the study by Julian et al using racemic sotalol. [135] As a
result of the SWORD trial, d-sotalol was abandoned. On the other hand a multicenter placebo
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controlled trial in patients with ICD showed a reduction in mortality and ICD shocks in
patients receiving d,l-sotalol. Moreover, the mortality benefit in this study did not differ
between patients with LVEF <30% and >30%. [136]

Beta-blockers has a proven role in reducing cardiovascular mortality and SCD in patients with
heart failure either from non-ischemic cardiomyopathy or ischemic heart disease. [114], [137]-
[139] Similarly, ACE inhibitors, ARBs and aldosterone antagonist are used in heart failure
patients to reduce all-cause mortality, however, neither ACE inhibitors nor ARB actually
reduce SCD in patients with LV systolic dysfunction. [140]-[142] ELITE did show an unex‐
pected reduction of SCD with losartan but this was a non-prespecified endpoint and was never
confirmed prospectively. [143]

Class I antiarrhythmic drugs have not been found to reduce SCD in patients with history of
MI and LV systolic dysfunction, and in fact most often result in an increase in mortality. The
Cardiac Arrhythmia Suppression Trial (CAST) and CAST-II trials, for example, showed
increased mortality with the use of class Ic antiarrhythmic drugs in post MI patients. [144]
Similarly, propafenone showed increased mortality compared to ICD in Cardiac Arrest Study
Hamburg (CASH). [145]

As the data of ICD trials showed reduction in all-cause mortality and SCD in patients with
cardiomyopathy as compared to amiodarone, the role of antiarrhythmic drugs in prevention
of SCD has become adjunctive, with the goal of reducing ICD shocks. Beta-blockers and other
humoral modifiers are generally used in the management of heart failure and improve survival
in heart failure patients.

The role of amiodarone for prevention of SCD in HCM is controversial. In a study by McKenna
et al, [146] amiodarone found to be effective but it is noteworthy that this study was used
historical controls receiving either mexiletine, disopyramide or quinidine. In other studies
antiarrhythmic drugs for the prevention of SCD in HCM have not been found to be effective.
[147] Similarly, beta-blockers, sotalol and amiodarone have been used to suppress ventricular
arrhythmias in ARVC. Efficacy has been variable [148], [149] and, with the increasing practice
of use of ICD in the prevention of SCD in these patients, antiarrhythmic drugs are again used
to reduce the need for ICD intervention.

5.2. Device therapy: Implantable cardioverter-defibrillator

Implantable cardioverter-defibrillator therapy has emerged as the most important manage‐
ment strategy for prevention of SCD in patients with cardiomyopathy at high risk of sudden
cardiac death. The high incidence and high individual risk of SCD in cardiomyopathy patients
with impaired left ventricular function, especially in those who had survived a ventricular
arrhythmia, and the relative ineffectiveness of antiarrhythmic drugs in these patients led to a
series of trials aimed at assessing the role of ICD therapy. This strategy was first tested in trials
of patients with highest degree of risk. These were sudden death and ventricular arrhythmia
survivors, and the studies are collectively referred to as secondary prevention trials. These
trials were followed by trials of increasingly lower risk patients, principally those with heart
failure, in primary prevention trials. The major message of these trials is that cost effectiveness
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is highest in highest risk patients, but that in this group, numerically the number of lives saved
by defibrillators is relatively small. Use of defibrillators in lower risk cohorts decreases cost
effectiveness, but increases the chance of making a numerical impact of the incidence of SCD
in the contemporary US population.

5.3. Secondary prevention ICD trials

Antiarrhythmics versus implantable defibrillators (AVID), Canadian implantable defibrillator
study (CIDS) and Cardiac arrest study Hamburg (CASH) trials gave an insight into the benefits
of use of ICDs in secondary prevention of SCD after an arrhythmic event. In these studies
patients with history of aborted SCD or patients with ventricular arrhythmia in the setting of
reduced LV systolic function were enrolled.

The AVID trial, which enrolled 1016 patients with history of VF, VT with syncope or VT with
LVEF ≤40% and symptoms of hemodynamic compromise (near syncope, congestive heart
failure and angina). This study showed reduction in all-cause mortality from 25% to 18%
(absolute risk reduction of 7% and relative risk reduction of 27%). The patients had a mean
LVEF of 32% in this study. In each arm, 45% of the patients had history of VF and the rest of
the patients had history of VT as the inclusion criteria for the study. CIDS enrolled 659 patients
with VF, out of hospital cardiac arrest due to VF or VT, VT with syncope, VT with symptoms
of presyncope or angina and LVEF ≤35%, and unmonitored syncope with subsequent spon‐
taneous or induced VT. The mean LVEF in these patients was 34%. After follow-up of 3 years
there was a nonsignificant reduction in all-cause mortality (10.2% per year to 8.3% per year,
p=0.142), and of arrhythmic death (4.5% per year to 3.0% per year, p=0.094) in ICD patients.
At 2 years there was a reduction in all-cause mortality from 21% to 15% (absolute and relative
risk reduction of 30% and 6% respectively).

The CASH study was a much smaller study with enrollment of 191 patients with a history of
VF or VT without an identified transient reversible cause. In contrast to AVID and CIDS the
mean LVEF was 46% making them healthier group of patients. Over a mean follow-up of 57
months the reduction in mortality was from 44% in control to 36% in those receiving ICD
(absolute and relative risk reduction of 23% and 8% respectively). Overall survival was higher
in the ICD arm, though not statistically significant (hazard ratio 0.766, 97.5% CI upper bound
1.112; p=0.081). There was higher survival free of sudden death in the ICD arm (hazard ratio
0.423, 97.5% upper bound 0.721; p=0.005).

Thus the trials were consistent in their message although CASH and CIDS trials were relatively
underpowered to assess the reduction in all-cause mortality. A meta-analysis showed a 28%
relative reduction in all cause mortality and a 50% reduction in SCD in patients receiving ICDs.
[150] Patients with LVEF < 35% derived the most benefit with hazard ratio for this group of
0.66 (95% CI 0.53-0.83). [150] and overall the number needed to treat to save a life per year of
follow-up was 29. [151] When the individual trials are compared it is noteworthy that LVEF
was much higher in CASH, and that CIDS included a group of patients with unexplained
syncope and VT inducible at EP study. These factors are markers of a lower risk population
and reduced that trials’ ability to detect the benefit of ICDs in reducing all cause mortality.
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Later subgroup analysis of these studies showed that the benefit of ICD therapy was largely
restricted to patients with lower LVEF. A subgroup analysis of 396 patients in the AVID trial
with LVEF >35% failed to show any survival benefit.  In addition a smaller group of 140
patients in this study with LVEF <20% did not show statistically significantly survival benefit.
This was in contrast to the 473 patients with LVEF between 20% and 34% who had signifi‐
cantly  improved survival.  [152]  Similarly,  in  CIDS trial  the  benefit  of  ICD therapy was
restricted to the patients with higher risk features (age >70 years, LVEF <35% and NYHA
class III or IV). [153]

5.4. Primary prevention ICD trials

Primary prevention ICD trials in patients with heart failure due to ischemic and nonischemic
cardiomyopathies have provided insights into prevention of SCD in a larger group of patients
who are at a high risk of SCD based on epidemiological studies, but are at lower risk than
patients who have suffered a ventricular arrhythmia. These studies have played instrumental
role in formulation of guidelines for primary prevention of SCDs in patients with cardiomyo‐
pathies. The trials include MADIT (I and II), CABG Patch, MUSTT, DINAMIT, DEFINITE and
SCD-HeFT.

Multicenter Automatic Defibrillator Implantation Trial (MADIT-I) was the first trial evaluating the
efficacy of ICD on survival in patients with history ischemic heart disease. Patients with an
LVEF≤35%, non-sustained VT who also sustained VT induced at a ventricular stimulation
study and not suppressed by procainamide were randomized to receive best medical therapy
or an ICD. 196 of these very high-risk patients were enrolled and mean LVEF was 26%. All
cause mortality was reduced from 32% to 13% in the ICD group after 2 years, for a relative risk
reduction of 59% [50]

The Multicenter Unsustained Tachycardia Trial (MUSTT) trial recruited a lower risk IHD cohort,
with NSVT and a LVEF ≤40%. All patients underwent a ventricular stimulation study, and
those with inducible sustained ventricular tachycardia were randomized to receive either no
specific antiarrhythmic therapy or antiarrhythmic therapy (either an antiarrhythmic drug or
an ICD) guided by further ventricular stimulation studies. Patients not inducible into sustained
VT were followed in a registry. Among 704 enrolled patients, the median LVEF was 30%. In
comparison to controls, patient treated with antiarrhythmic drugs had an increase in overall
mortality (from 48% to 55%) whereas patients receiving ICDs all cause mortality improved
from 48% in controls to 24% in patients receiving ICD with absolute and relative risk reduction
of 24% and 50% in a 5 year analysis (figure 6). [51] Interestingly the cohort of patients not
inducible into VT who received no specific antiarrhythmic therapy had a significantly lower
mortality than patients who were inducible into sustained VT, but the absolute improvement
in mortality predicted by a negative EP study was small (absolute risk reduction and relative
risk reduction of 7%,and 25% at 2 years and 4% and 8.3% at 5 years). [154] This study was the
first to point out the limited value of ventricular stimulation studies in assessing SCD risk.
These studies have now largely been abandoned, and future ICD trials have concentrated on
wider, lower risk, patient cohorts.
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The MADIT II trial assessed the effect of an ICD in 1232 patients with prior myocardial
infarction (>one month) and LVEF ≤30%. In this study, mainly of long term infarct survivors,
mean LVEF was 23% and in the ICD group all-cause mortality was reduced at 16% compared
to 22% in the controls after 2-year follow up (absolute and relative risk reduction of 6% and
28% respectively, figure 7). [47] In this cohort of IHD patients without inducible VT the benefit
of an ICD was smaller, but the potential population of identified patients who could benefit
from ICD therapy is much wider.

Defibrillator use early after acute myocardial infarction trial: The DINAMIT trial evaluated the role
of ICD in potentially improving the survival of patients during acute phase of MI (6 to 40
days  after  MI)  with  reduced LVEF ≤35% and impaired  cardiac  autonomic  function,  as‐
sessed as impaired baroreflex sensitivity. During a mean follow-up of 21/2 years, there was
no reduction in overall mortality in these patients. Although there was a reduction in death
due to arrhythmia, the benefit was offset by death from non-arrhythmic causes. [155] These
data are challenging because the implication is that ICD implantation enhanced the risk for
non-arrhythmic death, principally death from heart failure. If the amount of right ventricu‐
lar pacing in the ICD group accounted for more than 5-10% of heart beats this is a plausi‐

Figure 6. MUSTT: Kaplan–Meier Estimates of the Rates of Overall Mortality According to Whether the Patients Re‐
ceived Treatment with a Defibrillator. The P value refers to two comparisons: between the patients in the group as‐
signed to electrophysiologically guided (EPG) therapy who received treatment with a defibrillator and those who did
not receive such treatment, and between the patients assigned to electrophysiologically guided therapy who received
treatment with a defibrillator and those assigned to no antiarrhythmic therapy. (From reference 51)
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ble mechanism because RV pacing in heart failure patients is known to exacerbate heart
failure mortality. [156]-[158]

Defibrillators in non-ishchemic cardiomyopathy: The DEFINITE trial investigated the benefit of
prophylactic ICD therapy in 458 enrolled patients with non-ischemic cardiomyopathy with
LVEF <36% and premature ventricular complexes or NSVT. The patients were mainly
symptomatic for heart failure with NYHA functional class of I-III and mean LVEF of the study
population was 21%. At two years, the mortality in ICD group was 8% compared to 14% in
the standard therapy group (absolute and relative risk reduction of 6% and 44% respectively).
However this reduction in overall mortality was not statistically significant with hazard ratio
of 0.65 among patients receiving ICD (95% CI 0.40-1.06). This difference reached statistical
significance in patients with NYHA class III in subgroup analysis and showed a relative risk
of death of 0.37 (95%confidence interval 0.15-0.90). Moreover, the difference in survival was
significantly more in males receiving ICD (HR 0.49, 95%CI 0.27-0.90; p=0.018). [113].

Sudden cardiac death in heart failure (SCD-HeFT) trial was conducted in patients with heart failure
due to ischemic or nonischemic cardiomyopathy with LVEF≤35% and with NYHA functional
class II-III. More than 2500 optimally medically managed patients were equally divided into

Figure 7. MADIT II: Kaplan–Meier Estimates of the Probability of Survival in the Group Assigned to Receive an Implant‐
able Defibrillator and the Group Assigned to Receive Conventional Medical Therapy. The difference in survival be‐
tween the two groups was significant (nominal P=0.007, by the log-rank test). (From reference 47)
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three groups: ICD, amiodarone and placebo. Mean LVEF was 25%; 52% of the patients had
ischemic cardiomyopathy and the remainder were non ischemic. All cause mortality at 5 years
in patients receiving ICD was 29% compared to 36% for the control with absolute and relative
risk reduction of 7% and 23%. Amiodarone arm did not show any significant reduction in risk
of death (HR: 1.06; 97.5% CI 0.86-1.30; p=0.53)(see figure 8). In subgroup analysis by type of
cardiomyopathy, reduction in the mortality risk were similar in both ischemic (HR: 0.79, 97.5%
CI 0.60-1.04) and nonischemic cardiomyopathy (HR: 0.73, 97.5% CI 0.50-1.07) patients with
ICD therapy compared to placebo, although the risk reduction did not reach a statistical
significance. NYHA class did affect the effect of amiodarone as well as ICD therapy compared
to placebo. Amiodarone was shown to increase the risk of mortality in NYHA class III by 44%
(HR: 1.44, 97.5 CI 1.05-1.97), which was not seen in patients with NYHA class II (HR: 0.85,
97.5% CI 0.65-1-11). Similarly, with ICD therapy, patients with NYHA class III did not get
mortaliy benefit (HR: 1.16, 97.5% CI 0.84-1.61) as opposed to patients with NYHA class II (HR:
0.54; 97.5% CI 0.40-0.74) [48]

Figure 8. SCD-HeFT: Kaplan–Meier Estimates of Death from Any Cause. (From reference 48)

A meta-analysis of the primary prevention trials in patients with low ejection fraction due to
coronary artery disease or dilated cardiomyopathy including eight trials and total of 5343
patients showed reduction of arrhythmic mortality (relative risk: 0.40; 95% CI: 0.27-0.67) and
all-cause mortality (relative risk: 0.73; 95% CI: 0.64-0.82). The benefit of ICD therapy was similar
in ischemic (relative risk: 0.67; 95% CI: 0.51-0.88) and non-ischemic (RR: 0.74; 95% CI: 0.59-0.93)
cardiomyopathies. [159] Another important issue is that the age of the people enrolled in the
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large ICD trials is considerably younger than the people frequently needing ICD implantation
in the current clinical practice. This issue has been addressed by two meta-analysis suggesting
benefit of ICD therapy in older patients. [160], [161] Another meta-analysis of primary
prevention ICD trials showed smaller benefit of ICD in women with dilated cardiomyopathy
compared to men. Although overall mortality in both the genders were similar (HR 0.96, 95%
CI 0.67-1.39), women received approprite therapy less frequently compared to men (HR 0.63,
95%CI 0.49-0.82) and hence received less benefit from defibrillator therapy. [162] This as well
as another meta-analysis of primary prevention ICD trials failed to show significant mortality
benefit of ICD in women. [162]

These ICD trials have established the role of ICDs in the primary and secondary prevention
of SCD in patients with non-ischemic and ischemic cardiomyopathy (figure 9). Left ventricular
ejection fraction has been recognized as the strongest risk stratifier and has been extensively
used in all the trials. Based on these studies guidelines have been formulated for the appro‐
priate indications of ICD therapy in these patients. The table 3 summarizes the guidelines for
implantation of ICD for prevention of SCD in these patients.

Figure 9. Major implantable cardioverter-defibrillator (ICD) trials. Hazard ratios (vertical line) and 95% confidence in‐
tervals (horizontal lines) for death from any cause in the ICD group compared with the non-ICD group. *Includes only
ICD and amiodarone patients from CASH. For expansion of trial names, see Appendix 3. CABG: coronary artery bypass
graft surgery; EP: electrophysiological study; LVD: left ventricular dysfunction; LVEF: left ventricular ejection fraction;
MI: myocardial infarction; N: number of patients; NICM: nonischemic cardiomyopathy; NSVT: nonsustained ventricular
tachycardia; PVCs: premature ventricular complexes; SAECG: signal-averaged electrocardiogram. (Adapted with per‐
mission from reference 165)
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Indication for ICD
Level of

evidence

Class I

1
Patients who are survivors of cardiac arrest due to ventricular fibrillation or hemodynamically unstable sustained VT

after evaluation to define the cause of the event and to exclude any completely reversible causes.
A

2
Patients with structural heart disease and spontaneous sustained VT, whether hemodynamically stable or

unstable.
B

3
Patients with syncope of undetermined origin with clinically relevant, hemodynamically significant sustained VT or

ventricular fibrillation induced at electrophysiological study.
B

4
Patients with LVEF less than or equal to 35% due to prior myocardial infarction who are at least 40 days post–

myocardial infarction and are in NYHA functional Class II or III.
A

5
Patients with nonischemic dilated cardiomyopathy who have an LVEF less than or equal to 35% and who are in

NYHA functional Class II or III.
B

6
Patients with LV dysfunction due to prior myocardial infarction who are at least 40 days post–myocardial

infarction, have an LVEF less than or equal to 30%, and are in NYHA functional Class I.
A

7
Patients with nonsustained VT due to prior myocardial infarction, LVEF less than or equal to 40%, and inducible

ventricular fibrillation or sustained VT at electrophysiological study.
B

Class IIa

1 Patients with unexplained syncope, significant LV dysfunction, and nonischemic dilated cardiomyopathy. C

2 Patients with sustained VT and normal or near-normal ventricular function. C

3 Patients with hypertrophic cardiomyopathy who have 1 or more major† risk factor for SCD. C

4
Patients with arrhythmogenic right ventricular dysplasia/cardiomyopathy who have 1 or more risk factor for

SCD.
C

5 Patients with long-QT syndrome who are experiencing syncope and/or VT while receiving beta blockers. B

6 Nonhospitalized patients awaiting transplantation. C

7 Patients with Brugada syndrome who have had syncope. C

8 Patients with Brugada syndrome who have documented VT that has not resulted in cardiac arrest. C

9
Patients with catecholaminergic polymorphic VT who have syncope and/or documented sustained VT while receiving

beta blockers.
C

10 Patients with cardiac sarcoidosis, giant cell myocarditis, or Chagas disease. C

Class IIb

1
Patients with nonischemic heart disease who have an LVEF of less than or equal to 35% and who are in NYHA

functional Class I.
C

2 Patients with long-QT syndrome and risk factors for SCD. B

3
Patients with syncope and advanced structural heart disease in whom thorough invasive and noninvasive

investigations have failed to define a cause.
C

4 Patients with a familial cardiomyopathy associated with sudden death. C

5 Patients with LV noncompaction. C

Class III

1
Patients who do not have a reasonable expectation of survival with an acceptable functional status for at least

1 year, even if they meet ICD implantation criteria specified in the Class I, IIa, and IIb recommendations above.
C

2 Patients with incessant VT or ventricular fibrillation. C
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Indication for ICD
Level of

evidence

3
Patients with significant psychiatric illnesses that may be aggravated by device implantation or that may preclude

systematic follow-up.
C

4
NYHA Class IV patients with drug-refractory congestive heart failure who are not candidates for cardiac

transplantation or implantation of a CRT device that incorporates both pacing and defibrillation capabilities.
C

5
Syncope of undetermined cause in a patient without inducible ventricular tachyarrhythmias and without structural

heart disease.
C

6

Ventricular fibrillation or VT is amenable to surgical or catheter ablation (e.g., atrial arrhythmias associated with Wolff-

Parkinson-White syndrome, right ventricular or LV outflow tract VT, idiopathic VT, or fascicular VT in the absence of

structural heart disease).

C

7
Patients with ventricular tachyarrhythmias due to a completely reversible disorder in the absence of structural heart

disease (e.g., electrolyte imbalance, drugs, or trauma).
B

Table 3. ACC/AHA/HRS guidelines for implantation of ICDs (2008): indications in bold fonts refer to the indications
for various cardiomyopathies.

5.5. Risk stratification of heart failure patients for sudden death prevention

As data has accumulated suggesting that a strategy of wide ranging ICD implantation in
patients with impaired left ventricular systolic function will result in improvements in sudden
cardiac death mortality, concerns have been raised about the relatively low incidence of life
saving therapies in implanted patients. For example in MADIT II 14% of patients received a
potentially life saving defibrillator shock, whilst in SCD-HeFT only 21% of patients received
appropriate ICD therapy. In addition it has frequently been noted that an appropriate shock
does not necessarily represent an aborted sudden death. These considerations have lead to
attempts to derive scoring strategies from the data sets in the large prospective trials to try to
identify patients at low risk of requiring device therapy – and those in whom device therapy
might be futile.

Data from the MADIT II study in chronic IHD suggested that in very high risk (VHR) patients
defined as those with a BUN ≥ 50 mg/dl, mortality was high at 50% in two years and was not
improved by ICD therapy. ICD implantation in this patient group appears to be unjustified.
Among non-VHR patients, SCD risk was to be increased with NYHA functional class >II, a
history of atrial fibrillation, QRS duration >120 ms, age >70 years and BUN >26 mg/dl and <50
mg/dl. Patients with none of these risk factors were at low risk of SCD, and had no benefit
from ICD therapy. Patients with one to two risk factors derived benefit from an ICD whereas
patients with three or more risk factors did not derive as much benefit and behaved like VHR
patients. [163] Similarly, analysis of data from the MUSTT study suggested LVEF alone was
of limited value to predict the risk of SCD in this patient group. [164] The concern about using
a binary cut off of LVEF in deciding on the advisability or otherwise of ICD therapy to reduce
the risk of SCD is that SCD risk is a continuous variable and predicted by more than LVEF
alone. Multiple factors predict SCD to some extent and hence a risk score based on multiple
risk factors may be a better predictor of SCD. However, it should be noted that the mutiple

Sudden Cardiac Death
http://dx.doi.org/10.5772/55636

193



risk models have not been evaluated in a prospective study and are entirely data derived. [68]
This being said, it seems inevitable that the guidelines for the implantation of ICDs will be
refined in the future and that risk scores will be incorporated.

5.6. ICD in other forms of cardiomyopathies

Implantation of ICD in cardiomyopathy other than ischemic and non-ischemic dilated
cardiomyopathy is not supported by evidence from large ICD trials. The majority of patients
enrolled in the large ICD trials were post-MI patients with LV dysfunction and patients with
dilated non-ischemic cardiomyopathy. In other forms of cardiomyopathies, like hypertrophic
cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy, sarcoidosis and other
infiltrative cardiomyopathies, secondary prevention of sudden cardiac death with ICD
implantation in survivors of SCD and in patients with history of sustained ventricular
tachycardia is generally accepted clinical practice. However, implantation of ICD for primary
prevention of SCD has remained an unsolved issue in these patients. This has become more
of an issue with development of more effective screening of family members, and pre-
participation screening of athletes. Risk stratification in them has been attempted for each of
these groups.

Primary prevention in patients with hypertrophic cardiomyopathy is guided by multiple risk
factors for sudden cardiac death as discussed above. These risk factors have been defined as
discussed earlier and include (1) a family history of premature HCM-related sudden death;
(2) a history of unexplained syncope; (3) multiple and/or prolonged runs of nonsustained VT
on serial 24-hour ambulatory ECG monitoring at heart rates ≥120 beats/min; (4) a hypotensive
or attenuated blood pressure response to exercise; and (5) massive left ventricular (LV)
hypertrophy (maximum wall thickness ≥30 mm). The ACC/AHA/ESC guidelines on sudden
cardiac death and ventricular arrhythmia recommend implantation of ICD in patients with
one or more of these risk factors, for the primary prevention of SCD. [165]

Primary prevention of SCD in arrhythmogenic right ventricular cardiomyopathy is also guided by
a set of high risk factors. A multicenter study evaluated the use of ICD for primary prophylaxis
of SCD in patients with ARVC with at least one risk factor for SCD. These included syncope,
NSVT, a malignant family history, and inducibility of ventricular arrhythmias with program‐
med ventricular stimulation. Over a mean follow-up of 58 months 25 of 106 patients received
appropriate ICD intervention. ACC/AHA/ESC guidelines considers secondary prevention of
SCD with AICD to be reasonable (class IIa) in patients with ARVC considered high risk due
to LV involvement, one or more affected family member with SCD, or undiagnosed syncope
when VT or VF has not been excluded as the cause of syncope, while receiving chronic optimal
medical therapy. [165] ACC/AHA/HRS guidelines for device therapy for arrhythmia lists
ARVC as reasonable indication for primary implantation of ICD in the presence of one or more
risk of SCD. [166]

In patients with left ventricular non-compaction, ICD implantation is generally performed for
secondary prevention and for primary prevention in the presence of LV systolic dysfunction.
Although patients with normal LV systolic function or mild LV systolic dysfunction may be
prone to SCD, [125] lack of data makes the decision ICD implantation in these patients difficult.
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In patients with sarcoidosis, cardiac involvement with history of spontaneous VT and/or
severe LV systolic dysfunction may warrant ICD therapy despite lack of prospective trials.
[165] Implantation of ICD in patients with sarcoidosis in the absence of LV systolic dysfunction
or history of ventricular arrhythmias remains controversial. The ACC/AHA/HRS guidelines
for device therapy lists cardiac sarcoidosis as reasonable indication for ICD implantation. [166]
The use of ICD to prevent SCD in patients with cardiac amyloidosis is not well accepted and
may not affect the outcome, although it can be used to bridge the patients to cardiac trans‐
plantation. [38], [165] Some of the muscular dystrophies with associated cardiomyopathy are
treated in a similar way as dilated non-ischemic cardiomyopathy from other causes.

5.7. Device therapy: Permanent pacemaker

Some cardiomyopathies are prone to cause conduction abnormalities. For example patients
with muscular dystrophy due to lamin A/C gene mutation are particularly prone to conduction
defect and atrioventricular block. The threshold for pacemaker implantation in these patients
is very low to prevent SCD. Similarly, infiltrative myocardial diseases such as sarcoidosis can
lead to heart block and SCD as a result of this. Other examples include myotonic muscular
dystrophy, where SCD can result both from ventricular arrhythmias and from complete heart
block.

6. Future directions

The prevention of sudden cardiac death in patients with cardiomyopathy has evolved
dramatically in recent years. With the increasing use of ICDs in conjunction with pharmaco‐
therapy for heart failure, large number patients have benefited from prevention of SCD.
However, risk assessment for SCD is still far from accurate and many patients receiving ICDs
ultimately will not use them. Although, attempts have been made to refine the risk stratifica‐
tion, the current risk stratification is insufficient at least for many kinds of cardiomyopathies.
Data from subgroup analysis do provide some parameters for refining risk stratification, but
testing them in a prospective study will be an expensive and time-consuming undertaking.
Risk stratification for less common forms of cardiomyopathy has not largely been possible.
Some newer parameters like genetic evaluation may help in refining the risk assessment in the
future as more data on genetic analysis in various forms of cardiomyopathy comes forth.
Finally, newer pharmacotherapy may help in reducing the risk of SCD in these patients.
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1. Introduction

Sudden cardiac death (SCD) remains a major public health issue with an estimated annual inci‐
dence of 300,000 cases per year. The ACC/AHA/ESC 2006 guidelines define SCD as “death from
an unexpected circulatory arrest, usually due to a cardiac arrhythmia occurring within an hour
of the onset of symptoms” [1]. Trials on traditional antiarrhythmic drugs have failed to show
any mortality benefit even when compared to placebo or implantable cardiovertor defibrilla‐
tors (ICDs) [2]. Most of the patients experiencing sudden cardiac arrest have left ventricular
ejection fraction (LVEF) > 50%, with the majority of these patients having a history of coronary
artery disease (CAD). Majority of Sudden Cardiac Arrests (85-90%) are the first arrhythmic
event a patient experiences[3].Beta blocker therapy, Angiotensin enzymes inhibitors (ACE-I) as
well as aldosterone antagonists have been shown to decrease the risk of sudden cardiac death
especially in post myocardial infarction (MI) patients and in patients with congestive heart fail‐
ure. This chapter will review the data on the effects of traditional heart failure medications, es‐
pecially beta blockers, Renin Angiotensin system blockers, as well as Statin therapy on sudden
cardiac death in post MI patients and in patients with cardiomyopathy.

2. β-blockers and sudden cardiac death prevention

2.1. Potential mechanisms of β-blockers on sudden cardiac death prevention

Multiple studies have suggested that the major mechanisms responsible for the cardiac
arrhythmias associated with sudden cardiac death are ventricular tachycardia (VT) and
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ventricular fibrillation (VF). For these arrhythmias to occur, an interaction between substrate
(ventricular enlargement and/or hypertrophy, myocardial scar due to ischemic or non-
ischemic injury) and triggers (electrolyte abnormalities, changes in the sympathetic and
parasympathetic activity, neuro-humeral factors, and premature ventricular contractions) is
necessary to initiate reentry leading to ventricular tachycardia and ventricular fibrillation
(Figure 1).

Many anatomic or functional substrates such as coronary artery disease, cardiomyopathy or
primary electrophysiological disease can lead to sudden cardiac death. Progression of these
disease states leads to sympathetic activation. At the cellular level, sympathetic and vagal
denervation caused by myocardial ischemia leads to an increase in interstitial potassium and
intracellular calcium concentrations [3]. This results in slowed conduction and induces
spontaneous electrical activity. All these factors contribute to reentry; which is the most
common mechanism of ventricular tachycardia in patients with ischemic heart disease [4].

As myocardial ischemia progresses the neurohumoral system exerts further stimulation of the
sympathetic system and the renin-angiotensin-aldosterone system (RAAS). This neurohu‐
moral cascade leads to increasing levels of norepinephrine, angiotensin II, aldosterone,
endothelin and vasopressin. Increased norepinephrine levels lead to increased preload and
after-load, which in turn increases myocardial oxygen demand. Furthermore, the activation
of these systems promotes fibrosis and necrosis [5-7], which over time will lead to cardiac
remodeling, left ventricular dilatation, fibrosis and progression into heart failure [8].

Three types of β-receptors are known, designated β1, β2 and β3 receptors. β1 receptors are
located mainly in the heart and in the kidneys and are down regulated in heart failure due to
chronically elevated norepinephrine levels. β2 receptors are located mainly in the lungs,
gastrointestinal tract, liver, uterus, vascular smooth muscle, and skeletal muscle. β3 receptors
are located in fat cells. β1and β2receptors activate cyclic adenosine mono-phosphate (cAMP),
which acts as a second messenger and leads to increased contractility (inotropy), increased
heart rate (which increases myocardial oxygen demand), increased conduction velocity (which
may promote reentry) and have a positive lusitropic effect, which improves active relaxation
[9]. β2receptors promote the release of renin, which in turn activates angiotensin II and
aldosterone, both of which elevate the blood pressure, increase after-load, promote potassium
wasting and activate fibroblasts leading to fibrosis.

β-blockers exert their protective effect on the heart via different mechanisms. β-blockers reduce
ischemia by decreasing the heart rate, which is the major determinant of myocardial oxygen
demand[10]. At the cellular level, β-blockers decrease electrical excitability by limiting calcium
entry via catecholamine-dependent channels [9]. All this helps decrease left ventricular mass
and volume, decrease LV end diastolic pressure and improve LV function [11]. β-blockers are
also considered a class II antiarrhythmic medications. They decrease spontaneous depolari‐
zation, prolong the sinus node cycle length, atrioventricular conduction times and atrioven‐
tricular refractory periods. They also increase the excitable gap, which prevents reentry and
increases the success of anti-tachycardia pacing [12].
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Figure 1. Venn diagram showing interaction of various anatomic/functional and transient factors that modulate po‐
tential arrhythmogenic mechanisms capable of causing sudden cardiac death (From Douglas P. Zipes and Hein J. J.
Wellens “Sudden Cardiac Death” Circulation. 1998; 98:2334-2351, With Permission)

2.2. Effect of β-blockers on sudden cardiac death prevention in post myocardial infarction
patients

β-blockers therapy has been studied in the post myocardial infarction (MI) patients since 1965
when propranolol was found to reduce mortality after acute MI[13]. Pivotal trials such as the
Norwegian Multicenter Study Group (utilizing Timolol at a starting dose of 5 mgs/day with target
of 20 mgs/day), β-blocker Heart Attack Trial (BHAT, utilizing propranolol at a dose of 180 to 240
mgs/day) in the 1980s showed reduction in total mortality and sudden cardiac death [14, 15].
As therapies post- MI evolved and ACE-I inhibitors were introduced several other trials,
including the Survival and Ventricular Enlargement (SAVE) and Acute Infarction Ramipril Efficacy
(AIRE) trials demonstrated that β-blockers provided additional reduction in cardiovascular
mortality independent of the use of ACE-I inhibitors[16, 17].
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A meta-analysis evaluated several randomized clinical trials looking at the benefits of β-
blockers treatment post MI. This analysis revealed a significant reduction in mortality with β-
blocker therapy (HR= 0.77, 95% confidence interval: 0.69 to 0.85)[18]. Secondary to lack of
physician prescription of β-blocker therapy despite evidence of its benefit the Cooperative
Cardiovascular Project was undertaken. This was an observational report that evaluated the
care of 200,000 Medicare patients with the diagnosis of MI. Only 34% of the patients were given
β-blockers. The mortality reduction for patients who were prescribed beta- blockers at the time
of discharge from the hospital was 40% [19].

A sub-analysis  of  BHAT  trial  showed that  propranolol  decreased mortality  and sudden
cardiac death in the subset of patients with depressed LVEF [20]. But it was not until the
Carvedilol  Post-Infarct  Survival  Control  in  Left  Ventricular  Dysfunction  trial  (CAPRICORN)
was a  focus  also  placed on AMI patient  with  left  ventricular  (LV)  dysfunction.  CAPRI‐
CORN  was a multinational  prospective,  randomized trial  recruiting patients  with recent
acute  MI  (3-21  days)  and left  ventricular  (LV)  dysfunction  with  ejection  fraction  (EF)  ≤
40%. A total  of  984 patients  were placed on placebo and 975 patients were allocated to
Carvedilol  therapy post  MI  with  an average  follow up of  1.3  years.  The initial  starting
dose was 6.25 mgs orally twice daily with target dose of 25 mgs orally twice daily. All-
cause mortality was lower in the carvedilol group than in the placebo group (Hazard Ra‐
tio  of  0.77,  95%  CI  of  0.60—0.98,  p=0.03)  [21].  Several  secondary  prevention  trials  had
demonstrated significant reductions in ventricular arrhythmias but it was not until CAP‐
RICORN  that  patients  with  substantial  left  ventricular  dysfunction  also  demonstrated  a
significant  reduction  in  malignant  ventricular  arrhythmias  (HR  of  0.37  (95%  CI  0.24  to
0.58;  p  <  0.0001)[22].  It  is  important  to  emphasise  that  in  this  trial  that  98% of  the  pa‐
tients were treated with an ACE-I inhibitor.  The effect  of  ACE-I inhibitors on reduction
of ventricular arrhythmias will be discussed in a later section.

2.3. Effect of β-blockers on sudden cardiac death prevention in patients with congestive
heart failure

β-blockers were initially thought to be contra-indicated in patients with heart failure due to
their negative inotropic effects in the short term. However, later studies showed they consis‐
tently improve morbidity and mortality in patients with heart failure; they also lead to a 40%
reduction in hospitalization. Currently, there are 3 medications available in the United States
that have shown mortality benefits in patients with heart failure. Carvedilol is a non-selective
β1, β2and α1 blocker that was tested in two trials and was shown to improve mortality. The
first is the US Carvedilol trial which enrolled 1094 patients with congestive heart failure (CHF)
and left ventricular ejection fraction (LVEF) of ≤ 35%. Patients were assigned to four treatment
protocols based on exercise capacity. Within each protocol patients were assigned to either
placebo (n=398) or Carvedilol (n=696). Although this trial was not designed as mortality trial,
itdemonstrated a 65% decrease in the risk of death with Carvedilol compared to placebo
(p<0.001). Sudden death was reduced from 3.8% in the placebo group to 1.7% in the Carvedilol
group [23].
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The  Carvedilol  Prospective  Randomized  Cumulative  Survival  (COPERNICUS)  trial  examined
the effect of Carvedilol in 2289 patients with severe CHF, defined as dyspnea at rest and
LVEF ≤ 25%. This trial  validated the mortality benefit  of  Carvedilol  in patients with se‐
vere  heart  failure  with  a  50%  reduction  in  all-cause  mortality  (HR  0.50,  95%  CI  of
0.10-0.63) [24]. Unfortunately this trial did not have data available on the impact of Car‐
vedilol on sudden death.

The Cardiac Insufficiency Bisoprolol Study (CIBIS) II was a multicenter, double-blind, random‐
ized, placebo-controlled trial that evaluated the efficacy of Bisoprolol in reducing the incidence
of all-cause mortality in heart failure. Bisoprolol is a β1receptor blocker, and the target dose
was 10 mgs daily. All patients enrolled received standard therapy with diuretics and ACE-I
inhibitors. A total of2647 patients with New York Heart Association (NYHA) class III or IV
with LVEF of ≤ 35% were randomized to either Bisoprolol (n=1327) or placebo (n=1320). This
study was stopped prematurely because Bisoprolol showed a significant mortality benefit.
Death from any cause in the Bisoprolol group was 11.8% versus 17.3% in the placebo group
(HR, 0.66, 95% CI, 0.54-0.80). Sudden death was also reduced in the Bisoprolol group by 42%
compared to the placebo group [25].

The Metoprolol CR/XL Randomized Intervention Trial in CHF (MERIT-HF) was a double-blind
randomized controlled study which included 3991 patients with CHF, NYHA class II-IV with
an LVEF of ≤40%. These patients were stable on optimal medical therapy. This trial evaluated
whether controlled release/extended release formulation of Metoprolol taken daily would
reduce mortality in this patient population. The starting dose was 12.5 mgs once daily with
target dose of 200 mgs orally once daily. Patients were randomized to Metoprolol CR/XL
(n=1990) up-titrated to 200 mg daily over and eight week period of time or placebo (n=2001).
The trial demonstrated a 34% relative risk reduction in all-cause mortality with controlled
release/extended release formulation of Metoprolol. Similar, to CIBIS II, MERIT–HF showed
a 41% relative risk reduction of sudden death [26].

2.4. Effect of β-blockers on sudden cardiac death prevention in patients who survived a
cardiac arrest

In patients who have implantable cardioverter defibrillators (ICDs), β-blockers have been
shown to decrease the frequency of ICD shocks [27]. In an analysis of the Antiarrhythmics
Versus Implantable Defibrillators Registry (AVID registry), β-blockers therapy was associated
with lower mortality in patients with sustained ventricular tachycardia [28]. β-Blockers
increase the time to first ICD shock in patients implanted for secondary prevention of sudden
death[29].

Furthermore, the higher the dose of β-blockers used, the less patients experience VT and the
more likely the therapies are successful. In a study of 282 patients with left ventricular
dysfunction (EF < 50%) with standard indications for ICD without cardiac resynchronization
therapy, the higher the dose of β-blockers
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3. Renin-Angiotensin-aldosterone system and sudden cardiac death
prevention

3.1. Potential mechanisms of Renin-Angiotensin-aldosterone system inhibitors/blockers on
sudden cardiac death prevention

The  Renin-Angiotensin-aldosterone  system  (RAAS)  is  activated  during  many  disease
states,  but  especially  during  myocardial  ischemia  and  heart  failure.  Renin  activates  the
angiotensin converting enzyme, which converts Angtiotensin I  to Angiotensin II.  Angio‐
tensin II  is  a potent vasoconstrictor;  it  activates fibroblasts promoting interstitial  fibrosis
and scar formation. Furthermore,  Angiotensin II  also activates the secretion of Aldoster‐
one  and  Norepinephrine.  All  of  these  factors  also  increase  after-load,  which  increases
myocardial  oxygen  demand.  At  the  cellular  level,  angiotensin  II  decreases  the  effective
refractory period of  the cardiac myocyte and enhances conduction [30].Furthermore,  Al‐
dosterone promotes sodium retention, increases potassium secretion in the urine and ac‐
tivates fibroblasts leading to myocardial and vascular fibrosis. This promotes remodeling,
LV  dilatation  and  creates  the  substrate  for  reentry  [31].  ACE-I  inhibitors  decrease  pre-
load  and  after-load,  which  decreases  myocardial  oxygen  demand and LV end diastolic
pressure. They also block Angiotensin II production and inhibit the breakdown of brady‐
kinin [23]. Blocking angiotensin II prevents the progression of ventricular remodeling, re‐
duces  ventricular  dilatation  and  fibrosis.  ACE-I  inhibitors  result  in  a  reduction  in
potassium depletion and have several  effects  on the  autonomic  nervous  system via  en‐
hanced baroreflex sensitivity and hemodynamics which can lead to reduced sympathetic
and  parasympathetic  tone  and  circulating  catecholamines.  Angiotensin  II  could  persist
despite treatment with ACE-I inhibitors since it can be formulated by non-ACE-I-depend‐
ent  pathways.  ARBs  can  also  block  the  angiotensin  II  receptor  without  an  increase  in
bradykinin levels [32].

Even with the utilization of ACE-I inhibitors or Angiotensin-Receptor blockers (ARBs) there
is not full suppression of Aldosterone synthesis. Aldosterone receptor blockers prevent sudden
cardiac death by controlling potassium loss, blocking aldosterone effect on the formation of
collagen and by increasing the myocardial uptake of norepinephrine, which decreases
sympathetic activation [32, 33]. Myocardial fibrosis may increase the risk of ventricular
arrhythmias by causing variations in the ventricular conduction times. Spirinolactone de‐
creases the level of serum markers of collagen synthesis at 6 months, which correlates with
survival benefit [33].

3.2. Effect of ACE-I on sudden cardiac death prevention in post myocardial infarction
patients and in patients with heart failure

Three post myocardial infarction trials; Survival and Ventricular Enlargement (SAVE),
Trandolapril Cardiac Evaluation (TRACE-I) and Acute Infarction Ramipril Efficacy (AIRE)
specifically investigated the impact of ACE-I inhibitors on mortality and morbidity in post MI
patients who have LV dysfunction.
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Survival and Ventricular Enlargement (SAVE) was a randomized double-blind placebo controlled
trial that evaluated the use of captopril (n=1115) versus placebo (n= 1116) in post MI patients
with LVEF ≤ 40%. Randomization was done 3-16 days post MI. During an average of 42 months,
there was an 18% RRR in all-cause mortality with captopril compared to placebo. However,
there was a non-significant trend towards lower SCD in patients taking captopril (odds ratio
0.83, 95% CI 0.63-1.8)[34].

Trandolapril Cardiac Evaluation (TRACE-I) was designed to examine whether patients with a
recent MI and LV dysfunction would benefit from long term ACE-I inhibitor therapy. A total
of 1749 patients 3-7 days post MI with echocardiographic evidence of LV dysfunction (EF≤
35%) were randomized to Trandolapril (n=876) or placebo (n=873). During follow up the
relative risk for death from any cause in the Trandolapril group versus the placebo group was
0.78 (95 percent confidence interval, 0.67 to 0.91). The Trandolapril group also showed a
significant reduction in sudden death versus the placebo group (HR 0.76, 95% CI 0.59-.98,
p=0.03) [35]. TRACE-I was the first placebo-controlled trial to show a significant reduction in
sudden death with the use of the ACE-I inhibitors.

The Acute Infarction Ramipril Efficacy (AIRE) Trial once again looked at the use of ACE-I
inhibitors in the post MI patient who had clinical or radiological evidence of congestive heart
failure (CHF) to receive Ramipril (n=1014) versus placebo (n=992). After 15 months of follow
up,there was a 27% reduction in the risk of death with Ramipril compared to placebo. In this
study Ramipril also reduced the risk for sudden death by approximately 30% compared to
placebo (p=0.011)[36].

A further Meta-analysis looked at 15 trials including SAVE, TRACE-I and AIRE to evaluate
the effect of ACE-I inhibitors on sudden death post MI. This meta-analysis revealed a signifi‐
cant reduction in the risk for sudden death an odds ratio of 0.80 (95% CI 0.70-0.92)[37].

Currently only three trials have reported results for sudden cardiac death in heart failure
patients taking ACE-I. The Cooperative North Scandinavian Enalapril Survival (CONSENSUS)
Study was designed to evaluate the effect of Enalapril compared to placebo on mortality in
patients with severe heart failure (class IV). This study randomized 253 patients to either
Enalapril (n=127) or placebo (n=126) in addition to conventional therapy. CONSENSUS
showed a 40% reduction in mortality after 6 months of treatment and a 27% reduction at the
end of the study. The greatest reduction in mortality was in death caused by progression of
pump failure[38].

The Studies of Left Ventricular Dysfunction (SOLVD)-Prevention trialwas designed to determine
whether and ACE-I inhibitor, Enalapril, could reduce mortality, the incidence of heart failure
and the rate of hospitalizations in patients with EF ≤ 35% with mild to moderate heart failure
(class II or III). Following randomization, patients received double-blind treatment with either
placebo (n=1284) or Enalapril (n=1285). There was noted a reduction in mortality due to
progression of heart failure with a risk reduction of 16% but no clear reduction in sudden
cardiac death was noted[39].

The V-HeFT-II trial was the first trial to suggest an effect of ACE-I inhibitors on sudden death
in patients with heart failure. This trial compared the effects of Enalapril with hydralazine and
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isosorbide dinitrate on mortality in patients with NYHA class II-III. After randomization,
double blind treatment was instituted with Enalapril (n= 403) versus hydralazine/isosorbide
dinitrate (n=401). Interestingly the mortality curves of the treatment arms separate early after
randomization. There was a 28% relative risk reduction with Enalapril compared to hydrala‐
zine and isosorbide dinitrate (p=0.16).The overall reduction in mortality associated with
Enalapril was due to a reduction in the incidence of sudden death [40].

3.3. Effect of Angiotensin-Receptor Blockers (ARBs) on sudden cardiac death prevention in
patients with congestive heart failure

The Evaluation of Losartan in the Elderly Study (ELITE) is the only ARB trial to demonstrate a
reduction in sudden death. This prospective, double-blind, randomized, parallel group
controlled clinical trial compared the safety and efficacy in the treatment of CHF with the use
of Losartan vs Captopril. Patients were randomly assigned to losartan (n=352) versus captopril
(n=370). Follow up at 48 weeks showed a 45% reduction in all-cause mortality with a relative
risk reduction of 36% in the incidence of sudden cardiac death [41].

ELITE II was designed to compare the effects of losartan and captopril on all-cause mortality
and sudden death or resuscitated cardiac arrest. Similar to ELITE patients were randomly
assigned to losartan (n=1578) or captopril (n=1574). After 1.5 years of follow there was no
statistically difference in all-cause mortality, sudden death or resuscitated cardiac arrest
(losartan 9% versus captopril 7.3%, p= 0.08) between the two groups[42].

3.4. Effect of Aldosterone antagonists on sudden cardiac death prevention in post MI
patients and in patients with congestive heart failure

The Randomized Aldactone Evaluation Study (RALES) was a randomized double-blind place‐
bo  controlled  trial.  This  trial  hypothesized  that  daily  treatment  with  Spirinolactone
would  reduce  the  risk  of  death  from  all  causes  among  patients  who  had  severe  heart
failure. Patients enrolled had class III or IV heart failure and were being treated with an
ACE-I inhibitor, loop diuretic and had an EF ≤ 35%. They were randomly assigned to ei‐
ther  Spirinolactone  (n=822)  or  placebo  (n=841).  This  trial  was  ended  prematurely  when
analysis  found that  Spirinolactone demonstrated a  31% reduction in cardiac  death.  This
reduction was due to a 36% in death related to progressive heart  failure and a 29% re‐
duction in sudden cardiac death [43].

The Eplerone Post Myocardial Heart Failure Efficacy and Survival Study (EPHESUS) was con‐
ducted to evaluate the effect  of  aldosterone blocker,  Eplerenone on morbidity and mor‐
tality  among  patients  with  acute  myocardial  infarction  complicated  by  left  ventricular
dysfunction  and  heart  failure.  In  this  double-blind,  placebo-controlled  study  patients
were  randomly assigned to  Eplerenone  (n=3313)  versus  placebo  (n=3319)  in  addition  to
optimal medical therapy. Eplerenone demonstrated a reduction in death from cardiovas‐
cular  causes  or  hospitalization  for  cardiovascular  events  (relative  risk,  0.83;  95%  CI,
0.72-0.94; p=0.005). There was also a reduction in sudden death from cardiac causes (rela‐
tive risk, 0.79; 95% CI 0.64-0.97; p=0.03) [44].
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4. Statins (3 hydroxy-3-methylglutaryl coenzyme-A reductase inhibitors)
and sudden cardiac death prevention

4.1. Potential mechanisms of 3 hydroxy-3-methylglutaryl coenzyme A reductase inhibitors
on sudden cardiac death prevention

Statins (3 Hydroxy-3-Methylglutaryl Coenzyme-A Reductase inhibitors) have been shown to
decrease cardiovascular morbidity and mortality in both primary and secondary prevention
trials. Statins are known to stabilize the plaque and to even promote plaque regression[45].This
stabilization improves myocardial perfusion, oxidative stress and reduces the risk of plaque
rupture[46]. This leads to decreased ischemic events and arrhythmic events, since even small
areas of ischemia can promote reentry, induce ventricular arrhythmias and lead to sudden
cardiac death. Statins improve endothelial function by increasing nitric oxide production from
endothelial cells and they reduce ischemia mediated oxidative stress and intracellular calcium
overload [47, 48]. They also have anti-inflammatory actions and reduce C-reactive protein, and
they decrease endothelin-1 secretion [49]. All these effects will decrease myocardial ischemia,
limit myocardial injury and prevent myocyte hypertrophy [50, 51].

4.2. Effect of statin therapy on shock burden and sudden cardiac death in post MI patients
and in patients with congestive heart failure

Statins are widely accepted as preventing coronary heart disease death and MI; however their
effect on sudden cardiac death prevention is unclear.

Randomized trial in post myocardial infarction patients showed the benefits of statins on
overall mortality but failed to show benefit on sudden cardiac death prevention [52-54].
However, observational data from hospitalized patients with myocardial infarction showed
that early statin administration (within 24 hours) of an acute MI led to a decrease in the
incidence of VT/VF [55].

Furthermore, statins appear to decrease appropriate shocks in patients who have ICDs whether
or not they received them for primary or secondary prevention of sudden cardiac death. In a
subanalysis of AVID trial, a secondary prevention trial which compared anti-arrhythmic drugs
to ICDs in patients who survived a cardiac arrest, patients who received statins had a lower
risk of ventricular arrhythmias compared to those who are not on statins [56]. This was also
demonstrated in the Multicenter Automatic Defibrillator Implantation Trial-II (MADIT-II).
Post hoc analysis of MADIT-II showed that patients receiving statin therapy > 90% of the time
had a significantly reduced cumulative rate of ICD therapy for VT/VF or cardiac death[57].

Subsequently, an analysis of SCD-HeFT trial data was undertaken to evaluate the impact of
statin use in heart failure. SCD-HeFT studied 2521 functional class II and III heart failure
patients with left ventricular ejection fractions ≤ 35%. The cause of CHF was ischemic in 52%
of the study patients. Statin use was reported in 965 (38%) of 2521 patients at baseline and 1187
(47%) at last follow-up with the median time to follow up of 45.5 months. This analysis revealed
that mortality reduction related to statin therapy (HR= 0.70, 95% CI: 0.58-0.83] was identical
in both ischemic and non-ischemic cardiomyopathy (HR 0.69 vs 0.67 respectively) [58].
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5. Conclusions and future directions

Sudden cardiac death remains a challenge for health providers and policy makers. Whether
more stringent guidelines for prevention and screening will be applied is balanced by the
enormous costs. In order to identify the groups at risk for sudden cardiac death there must
first be a standardization of the definition. The worldly variation in this definition of sudden
cardiac death of 1 hour from onset of symptoms to 24 hours, not only effects epidemiological
data but also alters clinical trial outcomes when evaluating the effectiveness of treatment
options.

Currently, antiarrhythmic medications have failed to show any benefit of sudden cardiac death
prevention, while traditional heart failure medications have been shown to decrease total
mortality, sudden cardiac death and defibrillator shocks. They are only used in a small subset
of patients that present in sudden cardiac death, since most of the patients who have sudden
cardiac death have it as a first presentation and do not have congestive heart failure or history
of coronary artery disease. This poses a diagnostic and therapeutic challenge for the clinician.
Taking statins as an example, most of the primary prevention algorithms used to start lipid
lowering agents usually leads to delayed intervention, especially since coronary atheroscle‐
rosis has been shown to start at a young age. The cost of starting this treatment is also enormous,
especially if it is started on a global scale at a young age and it is not without side effects.
Genetic studies to identify patients at risk for coronary atherosclerosis are still under devel‐
opment. Preventing sudden cardiac death is definitely a challenge for the 21st century clinician
and might remain so for the near future.
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1. Introduction

A Sudden Cardiac  Death  in  Heart  Failure  Trial  (SCD-HeFT)  has  proven the  efficacy  of
prophylactic implantable cardioverter defibrillator (ICD) use for chronic heart failure pa‐
tients without sustained ventricular tachycardia (SVT) and a history of ventricular fibril‐
lation,  not  restricted in  those  with  myocardial  infarction [1].  Since  ICD is  an  expensive
device, risk stratification is required to identify heart failure patients at high risk for sud‐
den death without SVT.

Iodine-123 Metaiodobenzylguanidine (123I-MIBG) is an analogue that metabolizes in a manner
similar to that of norepinephrine (NE) [2]. 123I-MIBG is used to assess myocardial sympathetic
nervous activity, and a decrease in myocardial 123I-MIBG uptake and an increase in spillover
have been observed in patients with heart failure and are related to disease severity [3-5]. An
increase in sympathetic tone is associated with ventricular tachyarrhythmia and sudden
cardiac death [6, 7].

Therefore, the purpose of this study was to test our hypothesis that 123I-MIBG scintigraphy
may be useful in the prediction of future sudden death in heart failure patients without SVT
and a history of ventricular fibrillation.

© 2013 Yazaki et al.; licensee InTech. This is an open access article 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.



2. Methods

2.1. Patients

We retrospectively examined 120 consecutive heart failure patients with a left ventricular
ejection fraction (LVEF) of less than 50 % who underwent 123I-MIBG scintigraphy between
April 1998 and December 2004. There were 84 men and 36 women with a mean age of 57±14
years ranging from 22 to 95 years. New York Heart Association (NYHA) functional class
assessment at the time of the scintigraphy showed 23 patients in class I, 66 in class II and 31 in
class III. All patients underwent cross sectional and M-mode echocardiography as well as
coronary angiography. The study population included non-ischemic dilated cardiomyopathy
in 73 patients, ischemic cardiomyopathy in 21 and others in 26 which systolic dysfunction
might be caused by valvular diseases, hypertension and/or congenital heart disease. All
patients showed stable clinical condition for at least 3 months on conventional medications
with angiotensin-converting enzyme inhibitor and diuretics. Fifty-nine patients were on β–
blocker drugs.

2.2. 123I-MIBG data acquisition

123I-MIBG is an analogue of guanethidine that is metabolized in a qualitatively similar manner
to norepinephrine at the synaptic nerve terminal. After 123I-MIBG uptakes through the uptake-1
mechanism and storages in the synaptic nerve ending, it releases according to the sympathetic
activity. Since the myocardium of patients with chronic heart failure is characterized by a
significant reduction of pre-synaptic norepinephrine uptake and post-synaptic beta-adrenor‐
eceptor density, uptake-1 function and beta–receptor downregulation can be evaluated by
123I-MIBG imaging [8]. Under resting and fasting condition, patients were injected intrave‐
nously with 111MBq of commercially available 123I-MIBG (Daiichi Radioisotopes Labs, Tokyo,
Japan). Anterior planar images were acquired 15 minutes and 3 hours after the injection and
stored in a 64 x 64 matrix by means of a scintillation camera (model ZLC 7500; Siemens, Solana,
Sweden) equipped with a long-energy, general purpose collimator interfaced to a minicom‐
puter (SCINTIPAC 7000; Shimazu, Kyoto, Japan), with a 20% window centered on the 159keV
photopeak of Iodine-123. Regions of interest (ROI) were manually drawn over the heart and
upper mediastinum by a nuclear cardiologist without knowledge of the patient’s data (Figure
1). The total number of counts of each ROI was determined, and a geometric mean was
calculated as counts per pixel. We determined the heart to mediastinum activity ratio (H/M)
for all early and delayed images. 123I-MIBG washout rate from the heart was calculated from
the difference between early and delayed images according to the formula shown in figure 1.

Demonstrable two cases are shown in figure 1. A case with NYHA class III shows lower H/M
ratio and higher washout rate as compared to a case with NYHA class I.

2.3. Follow-up information and end-point

Medical records of all patients were carefully reviewed. The primary end-point of this study
was the occurrence of cardiac death including death due to congestive heart failure and sudden
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cardiac death. Sudden cardiac death was defined as death within 1 hour after the acute onset
of symptom, death during sleep or unwitnessed death. Clinical course of the 120 patients are
summarized in figure 2. During a mean follow-up of 57±24 months, 14 patients died of
refractory heart failure and 11 died suddenly including 9 without clinical VT. Echocardia‐
graphic and hemodynamic variables ware compared among the three groups. Plasma
norepinephrin concentration of 40 patients and brain natriuretic polypeptide (BNP) of 64
patients were measured close to the time of scintigraphic examination.

H: heart; M:mediastinum; H/M: heart to mediastinum activity ratio; 123I-MIBG: Iodine-123 Metaiodobenzylguanidine;
NYHA: New York Heart Association.

Figure 1. 123I-MIBG imaging. (A) A case of NYHA functional class I status. (B) A case of NYHA functional class III status.

VT: ventricular tachycardia

Figure 2. Clinical course of all patients.
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2.4. Statistical analysis

Student’s t-test was used to compare all continuous variables expressed as mean ± SD of the
two groups. Incidence was compared by means of χ2 tests. Receiver operating characteristic
analysis was used to select the most appropriate indicator of 123I-MIBG. Survival rates were
estimated with the Kaplan-Meier method, and differences in survival assessed with the log-
rank test. Univariate and multivariate analyses of the event risks associated with selected
clinical variables used the Cox proportional hazard model (SPSS v 9.0, Chicago, IL). A p value
of < 0.05 was considered statistically significant.

3. Results

3.1. Comparisons of clinical variables among patients stratified by cause of death (table 1)

Patients who died of congestive heart failure were significantly older than those who survived,
or died suddenly without SVT. The patients with congestive heart failure death also showed
the most deteriorated echocardiographic and hemodynamic conditions among the 3 groups.
There were no statistically significant differences in any variables between surviving patients
and patients who died suddenly without SVT.

Sudden death without s-VT CHF Survived

(N=9) (N=14) (N=95)

Age (yrs.) 56.0±5.8 64.0±8.5* 55.3±14.2

Gender: Female 1 (10) 3 (21) 32(33)

β-blockers 4 (40) 5 (36) 59(63)

LVEDd (mm) 62.5±15.0 67.6±12.1† 62.8±9.8

LVEF (%) 30.8±11.2 22.6±10.3† 36.1±13.2

PCWP (mmHg) 13.1±6.3 21.0±8.7* 11.0±6.1

mPAP (mmHg) 22.8±7.4 30.9±9.0* 18.5±7.2

CI (l/min/mm2) 2.51±0.73 2.21±0.47 2.61±1.25

BNP (pg/ml) 219±255 697±516† 107±110

* p < 0.05 (for sudden death and survived patients); † p <0.05 (for survived patients)

BNP:brain natreuretic peptide; CI:cardiac index; LVDd:left ventricular end-diastolic diameter; LVEF: left

ventricular ejection fraction; PCWP:pulmonary capillary wedge pressure; mPAP:mean pulmonary wedge pressure

Table 1. Clinical Variables among the Patients Stratified by Cause of Death

Cardiomyopathies232



3.2. Comparisons of 123I-MIBG parameters among patients stratified by cause of death
(figure 3)

123I-MIBG parameters were better in surviving patients compared to those in patients with
death due to congestive heart failure and with sudden death. There were significant differences
in delayed H/M and washout rate of 123I-MIBG between surviving patients and patients who
died suddenly, although clinical variables were similar between the two groups.

3.3. Survival

Comparison of Kaplan-Meier survival curve was depicted in figure 4. Receiver operating
characteristic analysis indicated that the optimal cut-off point of the delayed heart to media‐
stinum ratio for all cause of cardiac death was 1.6. Survival of the patients with delayed H/M
ratio greater than 1.6 was significantly worse than that less than 1.6. Receiver operating
characteristic analysis indicated that the optimal cut-off point of heart 123I-MIBG washout rate
for all cause of cardiac death was 38%. Survival of the patients with washout rate greater than
38% was significantly worse than that less than 38%. In the analysis of washout rate, a log-rank
statistics of sudden cardiac death in heart failure patients without SVT was greater than that
of death due to heart failure, whereas similar in the analysis of the delayed H/M ratio.

3.4. Univariate predictors for heart failure death and sudden death

Univariate predictors for heart failure death are summarized in Table 2. Age, left ventricular
end-diastolic diameter, left ventricular ejection fraction (LVEF), pulmonary capillary wedge
pressure, mean pulmonary artery pressure, delayed H/M ratio, and heart 123I-MIBG washout

CHF: congestive heart failure; H/M: heart to mediastinum activity ratio; 123I-MIBG: Iodine-123 Metaiodobenzylguani‐
dine

Figure 3. Comparisons of delayed H/M (left panel) and washout rate (right panel) of 123I-MIBG among the patients
stratified by cause of death
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rate were associated with death due to heart failure. Univariate predictors for sudden cardiac
death are summarized in Table 3. Delayed H/M ratio and heart 123I-MIBG washout rate were
associated with sudden cardiac death in heart failure patients without SVT.

X2 HR 95%CI p value

Age (yrs.)* 4.39 1.07 1.004–1.141 .036

Gender :Male 0.72 0.57 0.153–2.104 .397

on β-blockade 2.25 0.40 0.119–1.327 .134

LVDd (mm)* 2.31 1.04 0.988–1.105 .129

PCWP (mmHg)* 21.3 1.24 1.131–1.357 .0000

mPAP (mmHg)* 20.8 1.19 1.105–1.283 .0000

CI (l/min/mm2)† 5.17 0.19 0.045–0.795 .023

LVEF (%)* 8.90 0.91 0.861–0.969 .003

Delayed H/M* 11.9 0.01 0.001–0.124 .0006

Washout rate (%)* 2.17 1.03 0.991–1.064 .141

Hazard ratio reflects risk with an increase of 1* and 0.1†.

CI:cardiac index; H/M:heart to mediastinum activity ratio; LVDd:left ventricular end-diastolic diameter; LVEF:

left ventricular ejection fraction; PCWP:pulmonary capillary wedge pressure; mPAP:mean pulmonary wedge pressure

Table 2. Univariate Predictors for Heart Failure Death

H/M: heart to mediastinum activity ratio; 123I-MIBG: Iodine-123 Metaiodobenzylguanidine; VT: ventricular tachycar‐
dia

Figure 4. Comparison of Kaplan-Meier survival curves. Heart failure death (left panel) abd sudden cardiac death (right
panel).
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X2 HR 95%CI p value

Age (yrs.)* 0.27 0.99 0.953–1.028 .605

Gender :Male 2.96 0.17 0.022–1.282 .085

on β-blockade 1.71 0.47 0.154–1.452 .191

LVDd (mm)* 0.41 1.02 0.965–1.073 .521

PCWP (mmHg)* 0.18 1.02 0.937–1.107 .671

mPAP (mmHg)* 0.87 1.03 0.966–1.104 .350

CI (l/min/mm2)† 0.02 0.94 0.425–2.086 .881

LVEF (%)* 1.00 0.98 0.934–1.023 .318

Delayed H/M* 12.8 0.01 0.001–0.116 .0004

Washout rate (%)* 14.8 1.06 1.027–1.086 .0001

Hazard ratio reflects risk with an increase of 1* and 0.1†.

CI:cardiac index; H/M:heart to mediastinum activity ratio; LVDd:left ventricular end-diastolic diameter; LVEF: left
ventricular ejection fraction; PCWP:pulmonary capillary wedge pressure; mPAP:mean pulmonary wedge pressure;
VT:ventricular tachycardia

Table 3. Univariate Predictors for Sudden Death without Sustained VT

3.5. Multivariate analysis

Cox multiple variable logistic regression model with a backward stepwise approach including
10 clinical variables (age, gender, on beta-blockers, left ventricular end-diastolic diameter,
pulmonary capillary wedge pressure, mean pulmonary artery pressure, cardiac index, LVEF,
delayed H/M ratio, heart 123I-MIBG washout rate) identified pulmonary capillary wedge
pressure and delayed H/M ratio as independent predictors of death due to heart failure, and
delayed H/M ratio and heart 123I-MIBG washout rate as independent predictors of sudden
cardiac death in heart failure patients without SVT (Table 4).

X2 HR 95%CI p value

PCWP* 15.3 1.28 1.078–1.409 .0000

Delayed H/M* 6.25 0.01 0.001–0.124 .012

(a) For Heart Failure Death

X2 HR 95%CI p value

Washout rate* 5.12 1.05 1.007–1.126 .024

Delayed H/M* 4.29 0.02 0.023–0.346 038

(b) For Sudden Death without Sustained VT

(a) Hazard ratio (HR) reflects risk with an increase of 1*. H/M:heart to mediastinum activity ratio; PCWP:pulmonary
capillary wedge pressure

(b) Hazard ratio (HR) reflects risk with an increase of 1*. H/M:heart to mediastinum activity ratio; VT: ventricular
tachycardia

Table 4. Multiivariate analysis
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4. Discussion

The principal finding of this study is that 123I-MIBG parameters, especially washout rate is
useful for the risk stratification of sudden cardiac death in chronic heart failure patients
without SVT. To the best of our knowledge, this is the first report to show a relation between
sudden cardiac death and cardiac sympathetic nervous function using 123I-MIBG in heart
failure patients without documented VT.

4.1. MIBG parameters and heart failure

Reduced pre-synaptic norepinephrine uptake and post-synaptic beta-adrenoreceptor density
might contribute to the remodeling process of the left ventricle in the diseased heart [9].
Increased washout and decreased uptake of 123I-MIBG in the myocardium are related to the
severity and prognosis of heart failure [10]. A recent meta-analysis including 18 studies with
a total of 1755 patients reconfirmed that decreased uptake and increased washout of 123I-MIBG
showed a poor prognosis in patients with heart failure. 123I-MIBG also has been used to assess
the functioning of the pulmonary capillary endothelium under a variety of experimental or
clinical conditions [11, 12]. Mu et al. speculated the increased lung uptake of 123I-MIBG in heart
failure patients might be due to the enhanced permeability of the pulmonary endothelial cells
[13]. We have demonstrated that the combined assessment of lung and heart 123I-MIBG uptake
may help to predict future clinical outcome in patients with idiopathic dilated cardiomyopathy
more accurately than myocardial evaluation alone [14].

4.2. Autoantibody against the beta1 adrenoreceptor and heart failure

We previously investigated the relationship between 123I-MIBG parameters and the anti-beta1-
adrenoreceptor autoantibody level in chronic heart failure patients [15]. The autoantibodies
stimulate the second extracellular domain of the beta1-adrenoreceptor like norepinephrine,
and are associated with reduced cardiac function in patients with heart failure [16]. We have
demonstrated that the anti-beta1-adrenoreceptor autoantibodies are closely associated with
cardiac sympathetic nervous activity assessed by 123I-MIBG and cardiac event in patients with
chronic heart failure [15]. Iwata et al. has reported that the autoantibodies predict VT and
sudden death in patients with idiopathic dilated cardiomyopathy [17]. These results suggest
that sudden cardiac death associated with ventricular tachyarrhythmias might be related to
sympathetic nervous activity evaluated by 123I-MIBG scintigraphy.

4.3. Cardiac sympathetic nervous function and sudden
cardiac death associated with ventricular tachyarrhythmias

Several  electrocardiographic  markers  such as  heart  rate  variability,  single-averaged elec‐
trocardiogram, and QT dispersion have been proposed for the prediction of cardiac event
in patients  with heart  failure [18-20].  Heart  rate variability is  a  noninvasive tool  for  the
condition  of  autonomic  nervous  activity  and has  been  shown to  predict  future  sudden
cardiac  death.  Tamaki  et  al.  reported  a  comparison  of  cardiac  123I-MIBG  imaging  with
other  electrocardiographic  markers,  and  concluded  that  washout  rate  of  123I-MIBG  was
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the most powerful predictor for sudden cardiac death in patients with mild-to-moderate
heart failure [21].

Using 123I-MIBG, the role of impaired cardiac sympathetic innervations has been reported in
patients with ventricular tachyarrhythmias. Akutsu et al. reported that impairment of cardiac
sympathetic nervous system predicted recurrent ventricular tachyarrhythmic events in
patients with a history of VT or fibrillation [22]. A prospective multicenter pilot study
demonstrated that only defect severity of 123I-MIBG single photon emission computed
tomography (SPECT) was predictive of inducibility of VT or fibrillation, whereas the conven‐
tional index such as H/M was not [23].

4.4. 123I-MIBG kinetics and indication for implantable cardioverter defibrillator (ICD)

A recent Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) [1] has proven the ef‐
ficacy  of  prophylactic  ICD  use  for  chronic  heart  failure  patients  without  sustained  VT
and a history of ventricular fibrillation, not restricted in those with myocardial infarction.
Since  ICD is  an  expensive  device,  risk  stratification is  required to  identify  heart  failure
patients at high risk for sudden death without sustained VT. Based on the several guide‐
lines,  prophylactic use of an ICD is recommended in patients with ventricular tachycar‐
dia  who  have  severe  systolic  dysfunction.  Nagahara  et  al.  demonstrated  that  when
combined with  plasma BNP or  cardiac  function,  impairment  of  cardiac  sympathetic  in‐
nervations would predict  an ICD shock associated with lethal  arrhythmias,  contributing
to identify  suitable  candidates  for  prophylactic  ICD implantation [24].  Severely  reduced
left  ventricular  systolic  function  is  a  powerful  predictor  of  sudden cardiac  death.  They
concluded  that  123I-MIBG  scintigraphic  evaluation  for  cardiac  sympathetic  innervations
may be an option for screening patients at  high risk for sudden cardiac death.  Further‐
more, such abnormality had incremental and additive prognostic power when combined
with left ventricular dysfunction.

Those recent reports mentioned above support our present results. Increased neuronal release
of norepinephrine and decreased efficiency in the reuptake of norepinephrine through the
uptake-1 mechanism contribute to the increased cardiac adrenergic drive, and lead to life
threatening ventricular tachyarrhythmias in patients with heart failure.

4.5. Study limitations

There are several limitations in this study. First, because of the retrospective study design,
definite conclusions could not be drawn from our present data. BNP which is one of the
important prognostic factors should be excluded in our multivariate analysis for prognostic
determinants because of imperfect data. Second, the number of cardiac death was relatively
small because the follow-up period was not long enough, so that more extensive case studies
and longer follow-ups are required to validate the results reported here.
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5. Conclusions

We investigated the relationship between 123I-MIBG findings and mode of death in patients
with chronic heart failure. Sudden cardiac death in heart failure patients is closely associated
with cardiac sympathetic nervous activity assessed by 123I-MIBG scintigraphy. Our data, thus,
confirm that increased sympathetic tone in the myocardium play a harmful role on the
progression of life-threatening ventricular tachyarrhythmias. Assessment of cardiac sympa‐
thetic nervous activity using 123I-MIBG may be helpful for the candidate selection of ICD in
heart failure patients without sustained ventricular tachycardia.
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1. Introduction

Patients with diabetes mellitus have an increased cardiovascular mortality rate and, in
particular, cardiovascular complications are the leading cause of diabetes-related morbidity
and mortality. Diabetes mellitus is a well-recognized risk factor for developing heart failure
and it also can affect cardiac structure and function even in the absence of traditional cardio‐
vascular risk factors. Four decades ago Rubler and colleagues introduced the term ‘diabetic
cardiomyopathy’ describing diabetic patients with congestive heart failure and normal
coronary arteries [1]. Since then, many epidemiological and clinical studies have documented
the existence of this entity in humans [2].

Individuals with diabetes mellitus (DM), both type 1 DM as well as type 2 DM, have an
increased risk of developing end-organ damage. Clinically, the concept of diabetic cardiomy‐
opathy is defined as ventricular dysfunction that occurs independently of coronary artery
disease and hypertension, i.e. as a distinct primary disease process which develops secondary
to a metabolic insult and results in structural and functional abnormalities of the myocardium
leading to heart failure. Diabetic cardiomyopathy in humans is predominantly manifested by
diastolic dysfunction, which may precede the development of systolic dysfunction [3].
Interestingly, only approximately 30% of type 2 DM and type 1 DM patients develop diabetic
nephropathy, in contrast to diabetic cardiomyopathy that is present in 50% type 2 DM patients
and diabetic retinopathy diagnosed in more than 90% of type 1 DM patients [4; 5]. This
indicates a different time-course of end-organ damage in DM. Consequently, individual cell
types are differentially sensitive to high blood glucose-induced damage likely because of
different expression or activity of molecular factors responsible for damage activation and
progression.
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The prevalence of heart failure (HF) in the general population ranges from 1 to 4%, but in
diabetic patients it is 12%, rising to 22% in those over the age of 64 years [6; 7]. The Framingham
Heart Study reported a 2.4-fold increase in the incidence of HF in diabetic men and a 5.1-fold
increase in diabetic women, when compared with age-matched controls [8; 9]. Diabetic patients
are also more likely than non-diabetic patients to develop HF following myocardial infarction,
despite comparable infarct sizes [10].

Based on the assumption of detrimental effects of hyperglycaemia on various tissues, reduction
of blood glucose would reverse (or at least reduce) the development of end-organ damage.
However, recent data showed unexpected findings. Castagno and colleagues conducted a
meta-analysis of randomized controlled trials comparing strategies of more versus less
intensive glucose-lowering that reported HF events. Interestingly, it became evident that tight
glycemic control in patients with type 2 DM did not reduce the risk of HF and, additionally,
when glucose lowering was achieved with thiazolidinediones, it increased that risk [11].
Additionally, evidence for a direct, causal link between insulin resistance, a hallmark of
diabetes, and ventricular dysfunction has not been established [12]. The reason why intensive
glucose control does not lead to the reduction in risk of HF predicted by epidemiological
studies is uncertain but it may reflect an insufficient duration of treatment or follow-up, a
treatment intervention too late in the course of the disease, off-target toxicity of the treatments
used, or the possibility that hyperglycemia per se does not directly govern the development of
HF in diabetic patients. In other words, hyperglycaemia could be a trigger of molecular
changes causing end-organ damage, which are later regulated at least partially independently
from the systemic glucose changes. These assumptions foster the search for local signalling
molecules involved in end-organ damage in DM.

It is widely accepted that the pathogenesis of diabetic cardiomyopathy is multifactorial.
Beyond the stereotypical function of metabolism as a provider of ATP, alterations in metabolic
flux within the cell create essential signals for the adaptation of the heart to disturbed blood
sugar regulation and insulin abnormalities in DM. In general, the prevailing concept of the
heart’s response to changes in its environment is a complex network of interconnecting signal
transduction cascades where the focus is on communication of various cell surface receptors,
heterotrimeric G-proteins, protein kinases, and transcription factors [13]. Several hypotheses
have been proposed, including autonomic dysfunction, metabolic derangements, abnormali‐
ties in ion homeostasis, alteration in structural proteins, and interstitial fibrosis, and increased
glycation of interstitial proteins such as collagen, which results in myocardial stiffness and
impaired contractility [2]. Collectively, metabolic imbalance induces alterations in down‐
stream transcription factors which result in changes in gene expression, myocardial substrate
utilization, myocyte growth, endothelial function and myocardial compliance [14]. Indeed,
alterations in gene expression have been observed for a number of key inducer or transducer
molecules in diabetic cardiomyopathy. In particular, oxidative stress due to increased pro‐
duction of reactive oxygen species (ROS) by multiple sources, such as the NADPH oxidase or
dysfunctional nitric oxide (NO)-signaling cascade, is considered to be a principal mechanism
involved in the development of diabetic cardiomyopathy [15; 16; 17]. However, this review
focuses on two of them which are currently not in the centre of interest but which might play
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a role not only in beginning but also in development of diabetic cardiomyopathy. These are
(1) hepatocyte growth factor/c-Met signalling cascade, and (2) calcium release system.

2. Hepatocyte growth factor/c-Met signalling

2.1. Structure and function of HGF and c-Met

The hepatocyte growth factor (HGF) is known to be involved in a huge variety of cellular
processes playing a major role in the repair and regeneration of various tissues, including the
liver, kidney, lung, and stomach. In addition, it is involved in embryogenesis, organ develop‐
ment and also carcinogenesis, and its role in autoimmune diseases has been suggested as well
[18; 19].

Liver regeneration has long been a subject of active research, because it has impressive
regenerative capacities. Humoral factors that trigger liver cell growth, and so hepatic regen‐
eration, have been detected in the blood circulation of liver-injured animals, and many
researchers have tried to isolate these factors ensuring this liver characteristic. One of them,
HGF was first recognised as a molecule that stimulates hepatocyte proliferation and so to be
a key player in the regulation of liver regeneration. It was originally identified in the plasma
of partially hepatectomised rats and initially thought to be a liver-specific mitogen [20; 21;
22]. Actually, HGF is known to be a multifunctional cytokine and such as it has been a subject
of immense research efforts during the past decade [23].

Physiologically, HGF is a mesenchyme-derived pleiotropic growth factor which consists of
two polypeptide chains, heavy 69-kDa alpha-chain and a light 34-kDa beta-chain which are
held together by a disulfide bond. Like plasminogen, HGF is synthesised as pro-HGF, an 82-
kDa single-chain inactive precursor, and subsequently transformed in the active heterodimer
[24]. HGF is latent in normal states, and is activated specifically at the site of tissue injury,
predominantly by HGF activator - HGFA [19; 25; 26]. The domains of HGF are very similar to
those of proteases in the blood coagulation and fibrinolytic system, HGF shows the highest
similarity to plasminogen (about 40% amino acid similarity). Thus, the HGF system is
functionally linked to the blood coagulation and fibrinolytic system.

The HGF receptor c-Met is a transmembrane tyrosine kinase that mediates several biological
responses after stimulation by its cognate ligand. c-Met is synthesised as a precursor (170 kDa)
and then, it is converted into the active disulphide-linked heterodimer composed of a 50 kDa
extracellular alpha-chain and a longer 145 kDa beta-chain with a transmembrane helix and a
cytoplasmic portion. The alpha-chain is exposed extracellularly, while the beta-chain is a
transmembrane subunit containing an intracellular tyrosine kinase domain [27; 28; 29; 30].

Multiple biological effects of HGF/c-Met system on a wide variety of cells have been docu‐
mented. HGF is a cytokine regulating cell growth, cell motility and morphogenesis of various
types of cells. Additionally, mitogenic, motogenic, chemotactic and anti-apoptotic activities of
HGF have been documented on multiple cell type. This cytokine stimulates endothelial
proliferation and, consequently, angiogenesis, as well as stimulates growth of other target cells
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including melanocytes, epithelial cells, and haemopoietic cells. Thus, HGF is considered a
humoral mediator of the epithelial-mesenchymal interactions responsible for morphogenic
tissue interactions during embryonic development and organogenesis [23; 31]. According to
current hypothesis, HGF is an activating ligand of c-Met receptor, whose activity is essential
for normal tissue development and organ regeneration but abnormal activation of c-Met has
been implicated in growth, invasion, and metastasis of many types of solid tumors. While HGF
is produced in various mesenchymal cells mostly in response to tissue injury, its receptor c-
Met is expressed on epithelial cells, irrespective of the organ. This ligand-receptor pair (HGF/
c-Met) has a role during embryogenesis, organogenesis and carcinogenesis [28; 32; 33; 34; 35]
as well as in the homeostasis of adult tissues [27; 28]. The paracrine signalling between HGF
and c-Met plays an important role in regulating epithelial–mesenchymal cell interactions.

2.2. HGF/c-Met in cardiovascular pathology

HGF and its receptor c-Met are expressed in several tissues, including the heart although at
low levels. Several reports have focused on the role of HGFc-Met in cardiovascular patho‐
physiology and, comparable to pleiotropic effects in other organs, a huge variety of actions
have been described also in cardiovascular system. Animal studies demonstrated that
treatment with HGF gene or protein may reduce acute myocardial ischemia and reperfusion
injury, decrease infarct size, and improve cardiac perfusion and function in acute myocardial
infarction. These beneficial effects are associated with angiogenesis and reduced apoptosis.
HGF protects cardiomyocytes against oxidative stress and can counteract the loss of cardio‐
myocytes usually observed in cardiac diseases [36; 37]. In addition to its beneficial effects on
cardiomyocytes under acute stress, recent research has demonstrated that HGF also exerts
beneficial effects on cardiac function in animal models of chronic heart diseases, including
ischemic cardiomyopathy following old myocardial infarction and hereditary cardiomyop‐
athy. In those cases, the main mechanisms appeared to be a hypertrophic effect on cardio‐
myocytes as well as angiogenic and antifibrotic actions.

Interestingly, several injuries alter the expression of HGF in cardiac tissue. In the heart, acute
myocardial infarction, ischemia reperfusion injury, and congestive heart failure induce
expression of HGF [37; 38; 39]. In myocardial ischemia, HGF has been suggested to counteract
damage and to mediate a regenerative response (Nakamura et al. 2000). Apparently, there is
a time dynamics in HGF production and/or secretion in the diseased myocardium. Although
there is an upregulation of cardiac HGF/cMet in the acute phase of myocardial infarction, the
cardiac HGF production appears to be downregulated in the late phase of myocardial
infarction (MI). HGF quantity measured 24 hours after infarction was confirmed to be higher
in the border than in the remote myocardium [40]. Aoki and colleagues observed that the
cardiac HGF level was significantly decreased at 14 days after MI [41]. Others supported this
time dynamics. In rats, myocardial expression of HGF mRNA and c-Met receptor mRNA are
significantly elevated following myocardial ischemia/reperfusion induced by transient
coronary ligation or MI induced by permanent coronary ligation. Both levels rapidly increase,
peak between 24-72 hours, and remain significantly elevated for at least 5-7 days. Myocardial
gene expression of HGF and c-Met remained activated for one month after cardiac ischemia/
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reperfusion in rats. The peak in c-Met expression occurs 24 hours after ischemia/reperfusion,
whereas HGF gene expression peaks at 72 hours. The peak mRNA levels increase by 4- fold
for HGF and 8.3-fold for c-Met. The c-Met mRNA returned to near normal levels by one week,
and HGF gene expression is substantially reduced from the peak level by one week and then
gradually returns to baseline levels over 15-30 days [42]. Thus increased blood HGF may reflect
a defensive reaction and possibly participate in cardioprotection during myocardial infarction
[36]. From a mechanistic point of view, HGF exerts anti-apoptotic and angiogenic properties
by activating its c-Met receptor and a downstream ERK1/2-mediated signalling pathway in
cardiomyocytes and endothelial cells both on the myocardial infarction border zone and in
regions of the heart remote from the infarct.

Several experimental studies have shown that HGF can stimulate myocardial regeneration by
inducing endogenous cardiac stem cells to migrate, differentiate, and proliferate in situ to
replace lost cardiomyocytes. c-Met is expressed on different populations of putative cardiac
stem cells and cardiac progenitor cells migration, proliferation and homing are predominantly
modulated by the HGF/c-Met receptor system [43; 44]. Thus, HGF/c-Met signalling might play
a key role in self-renewal of myocardial tissue.

2.3. HGF as a biomarker of cardiac damage

Currently, the use of HGF as a clinical marker of cardiovascular injury is under intensive debate
as several papers reported increased serum HGF in patients with heart failure. Lamblin and
colleagues investigated the prognostic value of 2 cytokines, vascular endothelial growth factor
(VEGF) and HGF, in patients evaluated for a reduced left ventricular ejection fraction [45].
Vascular endothelial growth factor was shown to have limited prognostic utility. However,
increased levels of HGF were strongly associated with markers of congestive heart failure
severity such as higher NYHA class and lower left ventricular ejection fraction, as well as
clinical outcomes including both cardiac and overall mortality (see figure 1). The association of
HGF with adverse outcomes persisted in multivariable analysis that incorporated state-of-the-
art risk factors such as BNP and peak oxygen consumption, an important step when assessing
a new biologic marker. In detail, HGF levels were higher in patients with a cardiovascular
event (1001 [741-1327] pg/mL) than in the patients without it (773 [610-1045] pg/mL, P < 0.0001).
Similar results were found when overall mortality was considered. HGF levels were higher in
the patients who died of any cause (940 [748-1306] pg/mL) than in patients who did not.
Importantly, HGF concentrations were strongly associated with age, diabetes mellitus, and all
markers of congestive heart failure severity. Consequently, the survival curves indicated a
worse outcome for patients with high HGF levels. Similarly, in a small clinical study, Ueno
and colleagues found 5.3 times higher serum HGF levels as compared to healthy volunteers
in patients with acute exacerbation of congestive heart failure [39]. In another study of Lamblin
and colleagues studied patients with a first anterior Q-wave myocardial infarction [46]. They
observed that plasma HGF levels were positively associated with left ventricular volumes,
wall motion systolic index, early transmitral velocity to mitral annular early diastolic velocity
ratio, and BNP levels. High HGF levels were associated with higher C-reactive protein levels.
On the other hand, HGF levels were negatively associated with left ventricular ejection
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fraction. Multivariate analysis showed that both BNP and C-reactive protein were independ‐
ently associated with HGF levels at 3 and 12 months. Patients who died or were re-hospitalized
for HF during follow-up had higher HGF levels at 1 month, 3 months, and 1 year after
myocardial infarction. Thus, circulating HGF levels correlate with all markers of LV remod‐
elling after MI and are associated with re-hospitalization for heart failure.

Figure 1. Kaplan-Meier survival curves according to the tertiles of HGF. These survival curves indicates a worse out‐
come for patients with high HGF levels [45].

Rychli and colleagues assessed the prognostic value of HGF in heart failure in a prospective
cohort study [47]. They demonstrated that the risk of all-cause mortality increases with
endogenous HGF concentrations in patients with advanced HF with a 3.1-fold higher risk in
the third tertile compared with the first tertile. Interestingly, additional subgroup analysis
stratifying by the aetiology of HF showed that the prognostic value of HGF was only present
in patients with ischaemic HF and not in those with HF of other aetiology. In patients with
ischaemic HF they observed a 4.4-fold higher risk in the third tertile compared with the first
tertile. The main increase of risk was between the first and the second tertile of HGF. Therefore,
it might be speculated that a certain threshold of HGF has to be exceeded to initiate mechanisms
linked with a poor survival. Additional analysis evaluating the predictive potential of HGF
for the secondary end point cardiovascular mortality yielded similar results as reported for
all-cause mortality. In patients with ischaemic HF the adjusted hazard for a cardiovascular
death was 6.2-fold higher in the third tertile of HGF compared with the first tertile. The
predictive value of HGF was independent of BNP and other potential predictors of outcome
in patients with HF. Stratified analyses evaluating the combined risk prediction by HGF and
BNP levels showed that high HGF indicates a poor prognosis even in patients with low BNP.
This subgroup of patients had a comparable risk to those with elevated BNP, but a low HGF.

Cardiomyopathies248



As expected, the greatest risk was found when both factors were raised. This additive prog‐
nostic value of HGF might help to identify patients at high risk who would benefit from
intensive treatment.

Although several figures have been suggested such as 0.26, 0.39, 0.69, and 0.99 ng/ml [45; 48;
49], no practical cutoff values discriminating between normal and abnormal HGF concentra‐
tions linked to human cardiovascular pathology have been defined yet. Moreover, although
HGF was associated with adverse outcomes in heart failure patients, Wang and colleagues
show that its prognostic value for mortality and heart transplant necessity in various forms of
cardiomyopathy is poor [50]. In their prospective cohort study, HGF concentrations were
measured in patients with Chagas’ disease related dilated cardiomyopathy or idiopathic
dilated cardiomyopathy. When compared to healthy individuals, no difference was detected
for patients with NYHA class I–II but HGF was significantly increased in advanced HF patients
(NYHA III–IV) in both groups of patients. In addition, there was a strong correlation between
HGF and left ventricular ejection fraction in patients suffering from Chagas’ disease but HGF
failed to predict mortality and necessity for heart transplant in both groups of patients.

In spite of still controversial findings, HGF might be an attractive biomarker in patients with
congestive heart failure because it is increased in the setting of cardiomyocyte apoptosis and
active remodeling, thereby identifying individuals who are at increased risk of adverse clinical
outcomes. However, based on available evidence, the etiology of cardiac abnormality has to
be considered before applying HGF as a biomarker [51].

2.4. HGF as a therapeutic factor

It remains unclear what mechanism is responsible for the cardioprotective effects of HGF but
its therapeutic potential is undisputable. In current literature, the focus is stressed on influence
of HGF in stem cell mobilization in damaged myocardium. HGF belongs to factors that increase
recruitment of progenitor cells to damaged myocardium by its chemotactic effects on cardiac
progenitor cells [52]. In other words, HGF attracts cardiac stem cells to start transport and
differentiate in infarcted area.

Several methods were developed to affect injured hearts in a variety of animal models. Most
of investigators use gene transfections. HGF gene therapy decreases adverse ventricular
remodelling and improves cardiac function in various species. In a hamster model of dilated
cardiomyopathy, transfection with the HGF gene attenuates the progression of cardiac
impairment, including the reduction of myocardial fibrosis and reorganization of the cytos‐
keletal proteins and these changes lead to an improvement in life expectancy [53; 54; 55]. Li
and colleagues studied its chronic effects on post-infarction left ventricular remodeling and
heart failure in mice. They applied adenovirus encoding human HGF and observed improved
left ventricular remodeling and function and hypertrophied cardiomyocytes near infarcted
area at 4 weeks after induction of myocardial infarction. Postinfarction HGF gene therapy
improved LV remodeling and dysfunction through hypertrophy of cardiomyocytes, infarct
wall thickening, preservation of vessels, and antifibrosis [56]. In rats, HGF gene transfer
following a large myocardial infarction results in preservation of ventricular geometry and
function, and is associated with enhanced angiogenesis and a reduction in apoptosis (Jaya‐
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sankar et al. 2003, Jayasankar et al. 2005). Iwasaki and colleagues reported that recombinant
human HGF delivered by ultrasound-mediated destruction of microbubbles into the cardio‐
myopathic hearts prevents cardiac dysfunction in an animal model of doxorubicin-induced
cardiomyopathy [57]. In this form of anthracycline induced cardiomyopathy in mice, findings
of Esaki and colleagues suggest that HGF gene delivery by adenoviral vector exerts therapeutic
antiatrophic/degenerative and antifibrotic effects on myocardium and mitigation of cardiac
dysfunction. These beneficial effects appear to be related to HGF-induced MAPK/ERK
activation and upregulation of c-Met, GATA-4, and sarcomeric proteins [58]. Okayama et al
demonstrated in transegenic mice that HGF reduced cardiac fibrosis by inhibiting endothelial
mesenchymal transition and the transformation of fibroblasts into myofibroblasts. The amount
of cardiac fibrosis significantly decreased in pressure-overloaded HGF-transgenic mice
compared with pressure-overloaded nontransgenic controls, particularly in the perivascular
region. This pattern was accompanied by a reduction in the expression levels of fibrosis-related
genes and by significant preservation of echocardiographic measurements of cardiac function
in the HGF-transgenic mice [59]. In dogs with intracoronary microembolization-induced heart
failure, intramyocardial injections of HGF naked DNA plasmid attenuated the expression
abnormalities of the SR Ca2+-cycling proteins, improved regional and global left ventricular
function and prevented progressive LV remodeling [60]. In a ventricular rapid pacing heart
failure canine model, gene transfection of HGF promoted angiogenesis, improved perfusion,
decreased fibrosis and apoptosis, promoted recovery from myocyte atrophy, and thereby
attenuated cardiac remodeling and improved myocardial function in the failing canine hearts
[61]. The gene therapy with hepatocyte growth factor–complementary DNA plasmids reduced
coronary artery ligation-induced cardiac impairment in goats (Shirakawa et al. 2005). Taken
together, a number of experimental data support the potential therapeutic value of HGF.

Importantly, the concept of gene therapy using HGF has been used in human as well. The
intracoronary administration of adenovirus vector encoding the human HGF gene in patients
with coronary heart disease resulted in high levels of gene expression of HGF and its receptor
c-Met, as well as increased serum concentrations of HGF. Adenovirus vector encoding the
human HGF gene effectively induced temporarily high expression of the HGF gene in
peripheral blood mononuclear cells and consequently increased serum HGF levels [62].
Nevertheless, the clinical utility of HGF therapy in the myocardium still remains enigmatic. It
is still unclear which mechanisms are the most important for the cardioprotective effect of
HGF. For a successful translation to clinical application of a protein, a clearly defined primary
mode of action and knowledge on pharmacokinetic properties are necessary for the rational
development of the protein as a therapeutic [52].

2.5. HGF/c-Met in diabetic cardiomyopathy

The role of HGF/c-Met signalling in cardiac tissue is predominantly linked to ischemic damage
and little is known about its role in diabetic cardiomyopathy. Since HGF contributes to the
protection or repair of vascular endothelial cells and decreased serum and tissue HGF levels
are related to the progression of endothelial cell damage induced by diabetes [63], the same
might be true for cardiac tissue. In general, increased HGF is believed to be a marker of
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complications. However, local HGF production in vascular cells was shown to be markedly
suppressed by high D-glucose [64] what suggests that decreased local HGF production may
accelerate the progression of atherosclerotic vascular changes as well as cardiomyocytes injury
in DM. In turn, an adaptive increase of HGF in advanced DM might support the hypothesis
that serum HGF concentrations are elevated in response to various organ injuries.

The results of a clinical study [65] showed for the first time that serum HGF concentrations are
increased in type 1 diabetic patients. Interestingly, these results were similar at the diagnosis
time point and after more than 10 years duration with or without pathologic albumin excretion.
This finding suggests a stable increase of HGF during development and progression of DM 1.
In contrary, Nakamura and colleagues [63] found a decrease of serum HGF concentration in
DM patients without hypertension but an increase in patients suffering from both DM as well
as arterial hypertension. In the latter group, HGF concentration progressively increased with
the stage of hypertension and it positively correlated with systolic blood pressure in DM
patients. In addition, both animal and clinical data showed that serum HGF concentration were
negatively correlated with HbAIc in subjects without any complications, suggesting a loss of
this endothelial protection in accordance with the severity of diabetes. In fact, the serum HGF
concentration in DM patients may be determined by a balance of stimulating factors (hyper‐
tension, atherosclerosis, etc.) and suppressing factors (high glucose, TGF-beta, Ang II, etc.).
Consequently, the elevation of the serum HGF concentration may be considered as an index
of the severity of complications in DM. Systemic HGF may work in tissue regeneration as a
humoral mediator, although it might be insufficient to promote tissue regeneration, owing to
a decrease in local HGF production. In conclusion, the HGF/c-Met signalling might play a
crucial role in cardiac damage such as diabetic cardiomyopathy (see figure 2) and exact
identification of this role may pave new ways towards drug development and to contribute
to better management of DM in future.

3. Calcium release and Ryanodine receptor 2

3.1. Regulation of calcium cycle in cardiac cells

One of the long reported general hypotheses of cardiac impairment is based on the calcium
overload. Fleckenstein’s calcium theory of myocardial cell necrosis from 1970’ is widely quoted
in literature as a general mechanism of myocardial cell damage [66]. It must be noted that
intracellular calcium dysregulation is present in all types of advanced cardiomyopathy and
apparently is a late stage event that represents a final common pathway for myocardial cell
damage and death. There is now increasing evidence that depression of contractility in heart
failure is linked to a malfunction of calcium regulation in cardiomyocytes, in particular to
sarcoplasmic reticulum (SR) Ca2+ uptake and/or release [67; 68].

Sarcoplasmic reticulum (SR) Ca2+ release is maintained by a macromolecular protein complex
consisting of the ryanodine receptor (RyR) – a Ca2+ release channel, calsequestrin (CSQ),
triadin, and junctin that is activated by L-type Ca2+ current [69; 70]. Aside from cytosolic Ca2+,
RyR activity is also regulated by SR luminal Ca2+ [71; 72]. Its storage and release are under the
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control of CSQ [71], whereas triadin and junctin may serve as linker proteins between CSQ
and the RyR [70; 73]. The tethering of CSQ to the inner surface of the SR allows it to sequester
Ca2+ in the vicinity of the RyR during SR Ca2+ cycling [74]. CSQ may act as a Ca2+ sensor that
inhibits the RyR at low SR luminal Ca2+ via interaction with triadin/junctin [75]. An increase
of SR luminal Ca2+ disrupts the inhibition of the RyR because the CSQ Ca2+ binding sites become
more occupied with Ca2+, resulting in a weakened interaction between CSQ and triadin/junctin
and an increased open probability of the channel [76]. Sorcin, a 22-kDa Ca2+-binding protein,
also binds to cardiac RyR with high affinity, and its interaction with RyR is facilitated by
annexin A7 in a Ca2+-dependent manner. Thus the interaction between these proteins appears
to be critical for the regulation of SR Ca2+ release. For relaxation to occur, calcium ions must
be removed from the cytosol, the majority of which is pumped back into the SR by cardiac
specific SERCA2a (sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 2a), while the remainder
is ejected out of the cell through the sarcolemmal NCX (Na2+/Ca2+ exchange), PMCA (plasma-
membrane Ca2+-ATPase) or mitochondrial calcium uniport.

Cardiac specific ryanodine receptor 2 (RyR2), a Ca2+-activated Ca2+ channel situated in the SR
membrane, plays the dominant role in Ca2+ release from the SR in cardiac myocytes. In general,
the RyR is a huge tetrameric protein with each monomer constituted of around 5000 amino

Figure 2. A schematic illustration of potential effects of HGF/c-Met in diabetic cardiomyopathy [24; 42].
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acids (Mw: 565 kDa). Three isoforms of RyR have been described in mammalian tissues (RyR1,
RyR2 and RyR3) of which RyR2 is predominant in cardiac muscle. The RyR is a tetramer
consisting of four subunits and forms a complex with other proteins of which the FK506-
binding protein (FKBP), calsequestrin, triadin 1 and junctin were identified in cardiac muscle.
FKBPs are known for immunosuppressive properties; however, members of this protein
family, FKBP12 and FKBP12.6, also bind to the cytoplasmic part of the RyR in skeletal and
cardiac muscle and seem to modulate the gating properties of the RyR. Calsequestrin is a 55-
kDa high-capacity calcium binding protein located in the lumen of the cardiac or skeletal
junctional SR storing the calcium to be released by the RyR. Both triadin and junctin are
transmembrane proteins in the junctional SR which bind directly to the RyR and to calseques‐
trin suggesting that these proteins attach calsequestrin to the RyR. Initially, two functional
cardiac isoforms of triadin with apparent molecular weights of 35 kDa (triadin 1) and 40 kDa
(triadin 2) were cloned of which triadin 1 is predominant and representing more than 95% of
cardiac triadin. Junctin was first identified as a 26-kDa calsequestrin-binding protein in cardiac
and skeletal muscle. Triadin and junctin are encoded on different genes but exhibit structural
and amino acid similarities with single membrane spanning domains (62% identity within this
domain), short cytoplasmic N-terminal segments and long highly-charged basic C-terminal
domains situated in the lumen of the SR [67; 68; 75; 77].

Indeed, several disorders of the SR Ca2+ release complex have been identified as causes of heart
disease. Hyperphosphorylation of the RyR by PKA and Ca/Calmodulin-dependent protein
kinase II (CaMKII) induces a Ca2+ leak during diastole, which can cause heart failure and lead
to fatal arrhythmias [78; 79; 80; 81]. The forced expression of triadin or junctin in rat myocytes
resulted in an increase of the RyR open probability or a depressed contractility, respectively
[77; 82]. Consistently, the ablation of junctin was associated with enhanced cardiac function
and increased Ca2+ cycling parameters in mice [83]. Similarly, overexpression of CSQ induces
rapid development of heart failure in transgenic mice [84].

3.2. Calcium regulation abnormalities in diabetic cardiomyopathy

Predominantly, diabetic cardiomyopathy is related to diastolic abnormalities. In both Type 1
and Type 2 rodent models of diabetes, altered expression, activity and function of all trans‐
porters involved in excitation–contraction coupling, SERCA2a, NCX, and PMCA, leading to
dysfunctional intracellular calcium signalling. In particular, abnormalities of SERCA2a, the
major splice variant in the heart have been documented in diabetic cardiomyopathy. Protein,
mRNA, and also activity of this protein decreases in response to diabetes [10].

Depressed SERCA activity causes inefficient sequestration of calcium in the SR, resulting in
cytosolic calcium overload, impaired relaxation and hence diastolic dysfunction. On the other
hand, cardiac overexpression of SERCA improves Ca2+ homeostasis and contraction in diabetic
models [12; 85; 86; 87; 88; 89]. Because heart muscle from diabetic animals exhibits a diastolic
dysfunction, SERCA2a has been considered a major site for contractile dysfunction. Indeed,
perfusion of hearts with glucose can lead to lowered SERCA2a mRNA levels [2; 13]. Several
factors may alter proteins regulating cardiomyocytes calcium homeostasis. The process of
advanced glycation has been related directly to alterations in myocardial calcium handling
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and hence contractility. The advanced glycation of SERCA2a has been shown to lead to a
decrease in its activity and a prolongation of cardiac relaxation [14].

Recently, attention has been focused on abnormalities of calcium release in diabetic conditions.
In diabetic subjects, oxidative stress arises from an imbalance between production of reactive
oxygen and nitrogen species and capability of the system to readily detoxify reactive inter‐
mediates. Importantly, it is now well established that RyR channels are highly susceptible to
modification by various endogenous redox agents. Furthermore, RyR channels serve a role as
intracellular redox sensors, via redox induced Ca2+ release and they are likely to connect
cellular redox state with Ca2+ signaling cascades. Indeed, endogenous redox active molecules
enhance RyR2 channel activity and RyR2 is one of the well-characterized redox-sensitive ion
channels in heart. In general, oxidizing conditions increase RyR2 activity and so stimulate SR
Ca2+ and causing Ca2+ leak (see figure 3). In addition, RyR2 is activated also by reactive nitrogen
species and S-nitrosylation increases RyR open probability in cardiac muscle and leads to
increased Ca2+ leak [14]. Redox reactions by biological oxidants and antioxidants have been
shown to alter the kinetics of Ca2+-induced Ca2+ release in the heart tissue. Besides several
potential phosphorylation sites, the tetrameric RyR2 channel contains ~84 free thiols and is S-
nitrosylated in vivo. S-Nitrosylation of up to 12 sites (3 per subunit) led to progressive channel
activation that was reversed by denitrosylation. RyR2 is activated also by reactive nitrogen
species. For example, nNOS is expressed in SR and can supply NO to RyR2 in the immediate
vicinity for S-nitrosylation, which increases RyR2 open probability in cardiac muscle and leads
to increased Ca2+ release. Thus, sulfydryl-oxidizing agents, hydrogen peroxide and diamide,
diminished RyR2-FKBP12.6 binding [90].

Figure 3. Intracellular calcium regulation and influence of oxidizing molecules (ROS, reactive oxygen species; RNS, re‐
active nitrogen species) on RyR2 function.
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Modulation of cardiomyocyte Ca2+ handling by RyR2 is long known to occur by caffeine and
tetracaine, which increase RyR2 open probability. More recently, flecainide was reported to
prevent catecholamine polymorphic ventricular tachycardia as a result of decreasing RyR2
conductance and RyR2 open time RyR2s from these hearts were S-nitrosylated and depleted
of FKBP12.6, resulting in leaky RyR2 channels and a diastolic SR-Ca2+ leak. Inhibiting the
depletion of calstabin2 from the RyR2 complex with the Ca2+ channel stabilizer S107, a novel
RyR2-specific benzothiazepine derivative compound, inhibited the SR-Ca2+ leak and prevent‐
ed arrhythmias in vivo. Similarly in skeletal muscle, S107 which binds to RyR1 and recovers
the binding of FKBP12.6 to the nitrosylated channel inhibits SR Ca2+ leak, improves muscle
function, and increases exercise performance in muscular dystrophic-deficient mouse model
[90; 91]. Taken together, these data opens new era of new drugs – stabilizers of RyR complex
(rycals), in regulation of calcium in various cells what could have an impact also in treatment
of diabetic cardiomyopathy in the future.
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1. Introduction

Heart failure is characterized by the inability of the heart to maintain sufficient cardiac output
(CO) to meet the metabolic demands of the body. Reduced CO activates compensatory
mechanisms directed towards reestablishing CO, thereby initiating a cycle which can lead to
cardiomyopathy. Therapeutic strategies for addressing heart failure have been developed
primarily based on studies of male populations; however, heart failure in women has a distinct
phenotype. In women, heart failure develops later in life, generally presents with preserved
systolic function, and is less commonly attributable to ischemic heart disease. In many women,
the initiating event in heart failure is extrinsic, specifically, poor venous return resulting from
inadequate calf muscle (soleus) pump activity during upright posture. Such “second heart”
failure has been identified in approximately half of all adult women, an observation which
helps to explain the fact that while women’s survival rate with heart failure is better than in
men, their quality of life with heart failure is far worse. A determination that inadequate venous
return is arising from calf muscle pump failure can permit effective early intervention to slow
or reverse cardiomyopathy, while significantly improving quality of life in affected women.

2. Extrinsic cardiomyopathy

Cardiomyopathies are a group of diseases of the myocardium reflecting mechanical and/or
electrical dysfunction of the heart [1], and can be delineated as being either intrinsic or extrinsic.
Intrinsic cardiomyopathies are those which originate in the heart muscle cells, and includes
both conditions which typically influence the cardiac muscle cells alone (primary cardiomy‐
opathy) and systemic disorders which affect other tissues in the body in addition to cardiac
muscle tissue (secondary cardiomyopathy). Primary cardiomyopathies are commonly genetic
or acquired (e.g. inflammatory, physical stress, or physiologic stress induced). Secondary
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cardiomyopathies span a broad spectrum of etiologies including inflammation, toxicity,
infiltrative, endocrine, nutritional, autoimmune, electrolyte imbalance, and neuromuscular.

In contrast, extrinsic cardiomyopathies arise due to conditions which do not directly produce
heart muscle cell abnormalities. These include the well known conditions of ischemia,
hypertension, diabetes, and alcohol abuse, but also the less commonly considered condition
of insufficient venous return. Insufficient venous return results in inadequate atrial filling and
a correspondingly decreased CO. Decreased CO initiates a range of compensatory responses
which eventually lead to progressive heart failure. Lower limb edema, as well as ascites
development, are eblematic of inadequate fluid return to the right atrium, and fatigue is
common as the heart cannot maintain sufficient CO to meet the body’s metabolic needs.
Nausea and loss of appetite arise as blood is shifted from the gastrointestinal tract to the vital
organs, and palpitations occur as the heart adapts to reduced stroke volume by increasing the
heart rate [2]. This latter compensatory mechanism induces cardiac stress and systolic
hypertension, eventually leading to cardiomyopathy.
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Figure 1. Left ventricular ejection fraction in men and women with congestive heart failure. After Vasan, et al.1999.

Heart failure arising from inadequate fluid return to the heart is most commonly experi‐
enced by women. It is well recognized that while half of heart failure patients are women
[3], the characteristics of heart failure in women differ substantially from those observed in
men. Specifically, heart failure develops later in life in women, is commonly associated with
preserved systolic function (Figure 1) [4], less commonly involves ischemia, and, while sur‐
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vival rates are higher than for men, women with heart failure have a far worse quality of life
[5]. The crucial link between maintaining adequate fluid return, and therefore cardiac out‐
put, and heart failure is reflected in the ability of resting heart rate to strongly and inde‐
pendently predict coronary events in women [6]. In a recent study of over 100,000 post-
menopausal women, resting heart rate was found to predict myocardial infarction or
coronary death with a risk ration of 1.6 (95% confidence interval of 1.49-1.89) when compar‐
ing the highest (>76 bpm) to the lowest (<62 bpm) quintiles of resting heart rate.

3. Anatomic and physiologic influences on venous and lymphatic return

When ventricular function is preserved, the critical factor regulating CO is end-diastolic
volume, which, through the Frank-Starling mechanism provides a non-neural, non-humorally
mediated, regulation of stroke volume. End-diastolic volume is a function of venous and
lymphatic return to the heart, which correspondingly, are dependent on circulatory system
volume and venous/lymphatic system pressure. The importance of lymphatic return is not
widely appreciated in the context of maintenance of circulatory volume, and venous pressure
is often considered only in the context of high venous pressure being an indicator of heart
failure. However, to fully understand extrinsic heart failure it is necessary to consider the
profound influence of upright posture on venous and lymphatic return.

In supine posture, fluid pressures in the arterial system are approximately 100 mmHg, and
pressures in the venous system range from 15-20 mmHg in the smallest vessels to approxi‐
mately 5 mmHg at the right atrium. The driving pressure to return venous blood back to the
heart is therefore only 10-15 mmHg, or approximately 13-20 cm of water. Nonetheless, in the
supine position this pressure is typically adequate to return venous blood from the lowest part
of the body (typically the buttocks) back to the heart. In the upright position, however,
hydrostatic forces (i.e. gravitational forces operating on the venous fluid column) add signif‐
icantly to arterial, venous, and capillary pressures. At the right atrium, fluid pressure drops
to zero. Above the atrium, venous pressures become negative, venous blood readily flows back
to the heart and the veins collapse. At the same time, hydrostatic forces serve to reduce arterial
pressures by 40mmHg at the top of the head, and if this reduces arterial pressure below 60
mmHg, regulation of cerebral perfusion can be significantly affected [7].

Below the heart, venous pressure increases progressively with distance below the heart such
that at the level of the feet venous pressure can exceed 100 mmHg; yet the driving return
pressure (i.e. capillary pressure) remains at approximately 20 mmHg. Moreover, blood return
to the heart must take place through the highly distensible venous system so that the volume
of the venous system has the potential to increase significantly in upright posture. Hydrostatic
effects also increase pressures in the arterial system below the heart, though the thick walled
structure of arteries prevents significant dilation. However, the increased pressures in the
capillaries result in increased extravasation, resulting in significant pooling of interstitial fluid
until interstitial fluid pressures increase to match capillary pressures (Figure 2) [8].
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Figure 2. Fractional blood volume changes associated with postural shifts in young adult men. After Hagan, et al.,
(1978) J. Appl. Physiol. 45:414-417

The net effect of these various processes is that 500-600 ml of blood pools into the lower limb
veins within 2-3 minutes after attaining upright posture, while increased filtration from the
capillaries reduces blood fluid volume by an additional 750 ml over the following 30-40
minutes, resulting in well over 1L decrease in effective circulatory system volume. The upright
human therefore is confronted with three significant challenges with respect to maintaining
adequate CO. First, fluid pooling into the lower limb veins and dependent tissues rapidly
reduces effective blood fluid volume. Second, the fluid pressure available to return blood to
the heart from the lower extremities remains at little more than 20 mmHg, which is incapable
of overcoming the 80 mmHg of hydrostatic pressure created by the venous fluid column. Third,
the high compliance of human skin allows these conditions to become exacerbated over the
course of the day through interstitial fluid build up. This stress of upright posture is particu‐
larly challenging for women in that they have both more compliant veins [9], and somewhat
more compliant skin [10].

4. Soleus muscle anatomy/physiology

The cardiovascular challenges of upright posture are, in part, overcome by neuro-humorally
mediated venoconstriction which limits venous pooling, though vasoconstriction has essen‐
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tially no effect on interstitial fluid pooling nor on venous and lymphatic return pressures.
Further, during locomotion it is well recognized that skeletal muscle pumping serves to drive
venous blood back to the heart; however, for most people, for the vast majority of the time
they are in upright posture, they are either standing or sitting quietly, not in ambulation.
Correspondingly, the essential features of human physiology which permits long-term upright
posture are the second heart (soleus muscle) combined with competent venous and lymphatic
valves. In upright posture (sitting or standing) venous pressure alone is sufficient to pump
blood only one-third of the distance up the lower leg. This blood then collects in the venous
sinuses of the soleus muscle. These sinuses are large, thin-walled veins which have the capacity
to hold large volumes of blood and the soleus muscle can have up to 18 such sinuses [11]. While
the sinuses themselves are valveless, the indirect perforating veins feeding the sinuses are
valved, as well as the posterior tibial and peroneal veins into which the soleus sinuses drain.
These valves play a crucial role in the effectiveness of the calf muscle pump (CMP), providing
an opportunity for the pump to incrementally force venous blood back to the heart. Impor‐
tantly, the soleus is a deep postural muscle, and correspondingly is composed of more than
70% slow-twitch muscle fibers [12]. Moreover, the soleus originates on the posterior tibia and
fibula such that when either standing or seated the muscle is able to be active, producing slow,
continuous rhythmic, involuntary contractions. During contraction, the soleus can generate
venous driving forces exceeding 200 mmHg, more than sufficient to force the blood in the
sinuses back to the heart [13].

The soleus also plays an essential role in ensuring lymphatic drainage back to the heart.
Collecting lymphatics, which appear downstream in the lymphatic system, contain smooth
muscle cells in the media and therefore the ability for spontaneous contractions sufficiently
large to pump lymph fluid back to the heart (fluid pressures in the collecting lymphatics is
relatively low as the fluid column is not continuous) [14]. However, the initial lymphatics,
which are the site of interstitial fluid absorption, are non-muscular, and so require an extrinsic
force in the surrounding tissue to create a periodic driving pressure gradient. This force can
arise from arterial pressure pulsations and arteriolar vasomotion, and muscle contraction. In
the lower limbs, the involuntary contractile activity of the soleus, which typically is the sole
active muscle in the lower leg during quiet sitting or standing, therefore provides a critical
extrinsic periodic compression of these lymphatics, driving the lymph fluid in the initial
lymphatics upward toward the collecting lymphatics, relying on endothelial microvalves to
ensure unidirectional flow.

5. Second heart failure in women

The essential role of non-locomotory based calf muscle pumping (i.e. second heart activity) in
maintaining CO when individuals are in quiet upright posture, raises the question of the extent
to which second heart activity varies within the population. Recent studies in our laboratory
have focused on identifying the extent of second heart insufficiency in adults, with a particular
focus on the prevalence of second heart failure in women. The predictive ability of resting heart
rate in identifying women at greatest risk of experiencing coronary events suggests that
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tracking heart rate during the transition from standing to quiet sitting should be an effective
means to quantify second heart capability. Moving from a standing to seated position repre‐
sents a decrease in both physical stress on the cardiovascular system (i.e. a reduction in the
hydrostatic forces operating on the venous fluid column and therefore a reduction in pooling
forces), and a reduction in physiologic stress (i.e. reduced metabolic activity). Quiet sitting,
therefore, should result in a decrease in heart rate in otherwise healthy individuals.

We monitored heart rate in adult women (N=20) for 20 minutes following a transition from
standing to quiet sitting [15]. Initial heart rate in this population of self-reported healthy
women (average age = 52±4 years) was 77.5±3.5 bpm. In nine of these women (45%), heart rate
decreased 1-8 bpm as expected (Figure 3) [15]. However, in 55% of the tested women (N=11),
20 minutes of quiet sitting led to a 6-12 bpm increase in heart rate (avg. 8.3 ± 0.5 bpm).
Consistent with this increase in resting heart rate, brachial systolic blood pressure in this group
of women was observed to fall by average 9.5 ± 1.8mmHg from an initial average pressure of
122.4 mmHg (±3.6 mmHg).
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Figure 3. Change in systolic blood pressure in healthy adult women following 20 minutes of 

quiet sitting. From Madhavan, et al., 2005. 

 

 

Figure 3. Change in systolic blood pressure in healthy adult women following 20 minutes of quiet sitting. From Mad‐
havan, et al., 2005.

Though approximately 50 percent of women appear to be able to maintain adequate fluid
return from the lower limbs to support CO during 20 minutes of quiet sitting, 20 minutes is a

Cardiomyopathies270



relatively short time period in the context of typical durations of sitting which most individuals
experience during the day, and so does not directly address the challenge women face during
extended upright posture given the high venous and skin compliances previously discussed.
To address the impact of extended orthostatic stress, we have monitored beat-to-beat blood
pressure changes during quiet sitting periods of over 30 minutes [16]. This research was
motivated by recent reports of delayed orthostatic hypotension (DOH), a condition observed
in 40% of individuals with symptoms of orthostatic intolerance, but with no evidence of acute
orthostatic hypotension as assessed through traditional tilt-table testing [17]. We have
observed that among women who appear to be able to maintain CO during quiet sitting, for
approximately 30% of such women this capability is transient. We observe in these women
that following 20-30 minutes of sustained quiet sitting, fluid return to the heart rapidly falls
and resting blood pressure cannot be maintained (Figure 4) [16]. This inability to maintain
resting blood pressure is particularly striking with respect to diastolic pressure as the average
diastolic pressure in this group was found to fall to an average of 53 mmHg (±0.9mmHg) after
30 minutes of quiet sitting (Figure 5) [16], a value well below that necessary to adequately
regulate cerebral perfusion.

Figure 4. Typical blood pressure response to 30 minutes of quiet sitting in an adult woman with delayed orthostatic
hypotension. From Madhavan et al., 2008.
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Figure 5. Time dependent changes in resting diastolic blood pressure in 29 adult women capable of maintaining HR
and BP for the first 20 minutes of quiet sitting. Twenty women (70%) demonstrated a normotensive response to 30
minutes of the orthostatic stress of quiet sitting, while 9 (30%) demonstrated a distinct delayed orthostatic hypoten‐
sive response. From Madhavan, et al., 2008.

Similarly, a large fraction of women have been observed to experience extensive interstitial
fluid pooling during quiet sitting. The high compliance of human skin, and women’s skin in
particular, creates a scenario in which extended duration orthostatic stress can permit exten‐
sive extravasation from the blood supply without the development of high tissue pressures
which would inhibit this flow. To determine the extent to which this phenomenon could play
a significant role in reducing fluid return to the heart, and correspondingly, maintaining CO,
we utilized air plethysmography to follow calf volume over time in healthy adult women
sitting quietly [18]. Fifty-four adult women (average age 46.7 ± 1.5 years) were recruited. After
being placed in the supine position, the right calf was instrumented for air-pleythsmographic
recording and the recording system was allowed to equilibrate to body temperature (approx‐
imately 30 minutes). The subject was then transitioned to the upright seated position and calf

Cardiomyopathies272



volume was continuously monitored for another 30 minutes. Two distinct subpopulations
could be readily delineated according to their interstitial pooling behavior (Figure 6) [18].
Approximately half of the women experienced a significant decrease in calf fluid volume
during the 30 minutes of quiet sitting at a median rate of 8 ml/hour, while half demonstrated
significant calf swelling at a median rate of 12 ml/hour under these conditions.
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Figure 6.  Interstitial fluid swelling of the calf during quiet sitting in a population (N=54) of 

healthy adult women. Bimodal distribution of pooling responses indicates that 55% of the 

subjects experienced decreased calf fluid volume while 45% were found to pool interstitial fluid 

into the calf at an average rate of 12ml/Hr.  From Goddard et al., 2008. 
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Figure 6. Interstitial fluid swelling of the calf during quiet sitting in a population (N=54) of healthy adult women. Bi‐
modal distribution of pooling responses indicates that 55% of the subjects experienced decreased calf fluid volume
while 45% were found to pool interstitial fluid into the calf at an average rate of 12ml/Hr. From Goddard et al., 2008.

While women who experience increased venous and interstitial pooling tend to be somewhat
heavier, on average, than those that maintained their HR, BP, and calf volume during extended
sitting, no significant differences in age, weight, or BMI have been identified. Moreover, these
individuals do not demonstrate any frank failure of the circulatory system as measured by
microvascular filtration rate, venous ejection fraction, venous filling index, or calf venous
volume. Importantly, these responses do not reflect the behavior of just a small subset of
women, but rather 50% or more of an otherwise healthy population of women. The most likely
explanation for these observations appears to be inadequate calf muscle pump (second heart)
activity, though this can only be confirmed through direct intervention by second heart
stimulation.
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6. Intervention for second heart failure

The soleus muscle operates primarily as an involuntary postural muscle whose activity is
mediated by two different reflex arcs. In addition to the stretch reflex associated with venous
sinus filling and emptying, the soleus is the primary lower leg muscle supporting upright
stance. As such, its activity is mediated by a postural reflex arc originating on the frontal plantar
surface. That is, pressure on the frontal aspect of the plantar surface during standing results
in contraction of the soleus which pulls the body in the posterior direction; this unloads the
frontal plantar surface, resulting in the soleus relaxing, and the body stops its posterior motion
and begins to sway forward. While the stretch reflex appears to fail in a large fraction of adult
women, very few of these individuals have any difficulty standing upright, indicating that the
postural reflex arc controlling soleus activity is intact. This observation sets the stage for a
convenient method to exogenously activate the soleus muscle.

We have pursued this hypothesis that the postural reflex arc regulating soleus activity is intact
in women with inadequate fluid return from the lower limbs, and our experimental results
support both the contention that this postural reflex is operational, and that exogenous
activation of this soleus reflex arc is sufficient to significantly increase venous and lymphatic
return from the lower limbs. Initial work focused on identifying the characteristics of the
stimulus necessary to activate the soleus reflex and we observed that a micromechanical
stimulation of plantar surface at 45 Hz, with a magnitude of 10 micrometers or greater was
sufficient. This observation is consistent with the activated mechanoreceptors on the foot being
the Meisner corpuscles [19]. A stimulus of this nature applied to the frontal plantar surface
was found to completely block the drop in BP and increase in HR observed in women who
could not maintain fluid return from the lower limbs during quiet sitting (Figure 7) [15].
Further studies on the mechanism underlying these clinical observations have shown that the
plantar reflex stimulation has no effect on lymphatic microfiltration rate, but rather increases
the isovolumetric lymphatic pressure, as well as significantly enhancing perfusion in the lower
leg, pelvic, and thoracic segments of the body [20].

As importantly,  activation of  the second heart  (soleus)  has been found to effectively in‐
hibit  interstitial  fluid  pooling in  adult  women [17].  Following a  30  minute  quiet  sitting
period during which a  population of  women (N=24)  were observed to  pool  extensively
(using  air  plethysmography),  the  subjects  were  exposed  to  20  minutes  of  continuous
plantar  stimulation  sufficient  to  activate  the  soleus  muscle.  Activation  of  the  stimulus
was found to result in an immediate drop in calf volume, which is interpreted to be due
to the rapid decrease in venous volume (Figure 8) [17]. This rapid volume decrease was
then followed by a  sustained slower decrease  in  calf  volume consistent  with  interstitial
fluid  migration to  the  initial  lymphatics  with  subsequent  ejection to  the  collecting lym‐
phatics  and  back  to  the  heart.  Sustained  stimulation  with  continuous  blood  pressure
monitoring confirms that the ejected fluid is returning to the heart per the associated in‐
crease in systolic blood pressure (Figure 9) [21].
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Figure 7.  Efficacy of soleus muscle activation, through its postural reflex arc, to prevent blood 

pressure drop in adult women.  From Madhavan, et al., 2005. 

 

 
Figure 7. Efficacy of soleus muscle activation, through its postural reflex arc, to prevent blood pressure drop in adult
women. From Madhavan, et al., 2005.
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Figure 8.  Efficacy of second heart stimulation, through the plantar reflex, to reverse interstitial 

fluid pooling in adult women. From Goddard, et al., 2008. 
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Figure 8. Efficacy of second heart stimulation, through the plantar reflex, to reverse interstitial fluid pooling in adult
women. From Goddard, et al., 2008.
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Figure 9. Influence of sustained second heart stimulation via the plantar reflex on systolic blood pressure during ex‐
tended orthostatic stress associated with extended sitting. A) Time course of change in systolic blood pressure with
transition from sitting to supine position. Time constant of 30 minutes suggests that close to three hours are necessary
for interstitial fluid in the lower limbs to be recovered into the circulatory system following a transition to a supine
position. B) Ability of second heart stimulation to accelerate fluid recovery from the lower limbs. Left panel: recovery
rate associated with supine rest; Middle panel: Pooling associated with quiet sitting; Right panel: Influence of plantar
reflex stimulation of the second heart. From Madhavan, et al., 2009.

The potential for second heart stimulation to assist individuals with diastolic heart failure, and
at stage NYHA III has been tested in a pilot clinical study wherein individuals were provided
with a plantar reflex stimulation device to use in their home for a four week period of time [22].
Three men and three women (average age 68 years) were recruited into the study with a group
average LVEF of 49.8%. Lower limb water content was assessed using Dual Energy X-ray
Absorptiometry (DXA). The average daily use of second heart stimulation ranged from 0.2
hours per day to 1.8 hours per day, and the change in retained lower limb water over the one
month study period was associated with daily stimulation use (Figure 10). On average, a
significant (p=0.03) decrease in lower limb water mass of 0.5Kg was observed, ranging from
no decrease to over 1 liter.
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Figure 10. Change in lower limb body fluid over a one month time period as a function of average daily use of plantar
reflex stimulation of the second heart. After Pierce & McLeod, 2009.

7. Differential diagnosis

The recent research on second heart activity has largely relied on measurements such as
continuous (beat-to-beat) blood pressure monitoring, air plethysmography, electrical impe‐
dance plethysmography, and strain-gage plethysmography. However, none of these techni‐
ques represent a practical technique for the clinical environment. We would suggest that the
critical factors in diagnosing inadequate second heart activity are the creation of an extended
time period of orthostatic stress coupled with blood pressure monitoring and HR determina‐
tion. These can be readily accomplished utilizing either upright standing or extended sitting,
though as many older individuals have difficulty standing quietly for extended time periods,
an extended sitting protocol is likely the most practical. A useful approach would be to obtain
the BP and HR from a patient upon entering the examining room and first sitting down, then
having them continue to sit for another 30 minutes or more with BP and HR obtained at the
15 and 30 minute time points. HR increases of more than 5 bpm, coupled to BP decreases of
more than 10 mmHg, or more specifically, a diastolic BP dropping below 60 mmHg, should
be considered a strong indication of inadequate fluid return to the heart, with long term
implications for heart health and the development of extrinsic cardiomyopathy.
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8. Summary and conclusions

Second heart failure, which occurs in close to 50% of women, represents a common etiology
in extrinsic heart failure and cardiopathy. Clinical recognition of this condition opens the
opportunity for early diagnosis and intervention, reducing the long term risk for this substan‐
tial subpopulation of women, with the potential to maintain a much higher quality of life into
old age. Simple office tests of temporal changes in blood pressure and heart rate over 30
minutes of quiet sitting can reveal significant pooling associated with failed second heart
activity. Augmenting venous return to the right heart to improve atrial refilling will allow for
improved stroke volume and thus improved peripheral and cerebral blood flow. Early
interventions can include specific exercises to train up the soleus muscle, lifestyle changes
which challenge the postural reflexes; or utilization of extrinsic stimulation technology.
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Chapter 14

Pediatric Cardiomyopathies

Aspazija Sofijanova and Olivera Jordanova

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55820

1. Introduction

1.1. Development of the cardiovascular system

The development of the cardiovascular system is an early embryological event. From fertili‐
zation, it takes eight weeks for the human heart to develop into its definitive fetal structure.
During this period the system develops so it can 1) supply nutrients and oxygen to the
fetus, and 2) immediately start functionining after birth.

1.2. Early development of the circulatory system

1.2.1. Blood islands

During the third week of gestation angioblastic blood islands of mesoderm (angiogenic
clusters) appear in the yolk sac, chorion and body stalk. The innermost cells of these blood
islands are hematopoietic cells that give rise to the blood cell lines. The outermost cells give
rise to the endothelial cell layer of blood vessels. A series of blood islands eventually coalesce
to form blood vessels (fig 1).

1.2.2. Heart tube

By the middle of the third week of gestation angioblastic blood islands from the splanchnic
mesoderm appear and form a plexus of vessels lying deep into the horseshoe-shaped pro‐
spective pericardial cavity (fig 2). These small vessels develop into paired endocardial heart
tubes. The splanchnic mesoderm proliferates and develops into the myocardial mantle, which
gives rise to the myocardium. The epicardium develops from cells that migrate over the
myocardial mantle from areas adjacent to the developing heart (fig 3,4).

© 2013 Sofijanova and Jordanova; licensee InTech. This is an open access article 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.



Figure 2. Horseshoe-shaped prospective pericardial cavity

Figure 1. Angioblastic blood islands of mesoderm
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Figure 3. Endocardial heart tubes

Figure 4. Splanchnic mesoderm
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The bilateral endocardial heart tubes continue to develop and connect with a pair of vessels,
the dorsal aortae, located on either side of the midline. As the embryo develops, the lateral
folding and cephalic growth of the embryo shift the endocardial heart tubes medially, ventrally
and caudally. They fuse in the midline as a single endocardial heart tube. The endocardial
heart tube is surrounded by the myocardial mantle and between these two layers is the cardiac
jelly. The resulting heart tube is kept suspended in the pericardial cavity through the dorsal
mesocardium. When the single heart tube is formed, the embryo is in the fourth week of
gestation, is about 3 mm in length, has 4 - 12 somites, and the neural tube is beginning to form.
The heart now begins to beat (fig 5).

Figure 5. Endocardial heart tube

1.2.3. Vascular circuits

As the heart begins to beat, three sets of blood islands coalesce to form three vascular circuits.
Within the embryo an embryonic circuit forms (fig 6.)It consists of paired dorsal aortae that
arise from the endocardial heart tube and break up into capillary networds that supply blood
to the developing embryonic tissues. Blood is drained from these tissues byanterior and
posterior cardinal veins that drain into common cardinal veins, which in turn drain into the
endocardial heart tube.

Two extraembryonic circuits also form. The first is the vitelline (omphalomesenteric, yolk sac)
circuit. In this circuit blood from the dorsal aortae drain into vitelline arteries that in turn
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supply the yolk sac. The blood drains back to the heart tube via paired vitelline veins. The
second circuit is the umbilical (allantoic, placental) extraembryonic circuit. In this instance, the
dorsal aortae supply blood to umbilical arteries that in turn bring this now unoxygenated blood
back to the placenta. Blood from the placenta is carried to the heart tube via umbilical veins.

1.3. Formation of the primitive four chambered heart

As the endocardial heart tubes fuse, several bulges and sulci appear. From the cephalic end,
the bulges are the bulbus cordis (truncus arteriosus and the conus arteriosus), the primitive
ventricle, the primitive atrium and the sinus venosus (fig 7.) The veins connect to the heart
tube via the sinus venosus, while the paired dorsal aortae arise from aortic arches that in turn
arise from the aortic sac. The aortic sac is at the most cephalic end of the bulbus cordis. The
sulci are present as the bulboventricular sulcus, between the bulbus cordis and the ventricle,
and the atrioventricular sulcus, between the atrium and the ventricle.

Then, a rapid growth of the heart tube takes place, and the heart begins to convolute. With this
convolution the dorsal mesocardium begins to degenerate. During the process of convolution,
the first flexure seen is between the bulbus cordis and the ventricle. The bulbo-ventricular loop
that is formed shifts this region of the heart to the right and ventrally. The second flexure, the
atrioventricular loop, is between the atrium and the ventricle and this region of the heart is
shifted to the left and dorsally. As growth continues the atria shift cephalically.

Figure 6. Embryonic circuit forms
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The sinus venosus gradually shifts to the right to empty into the right atrium. The bulbo-
ventricular sulcus is represented inside the heart as the bulbo-ventricular flange. The bulbo-
ventricular flange and the muscular interventricular septum begin to separate the primitive
ventricle (which will become the left ventricle) from the proximal bulbus cordis (which will
become the definitive right ventricle). The atria continue to grow, and bulge forward on either
side of the bulbus cordis, and shift the bulbus medially. With increased blood flow the bulbo-
ventricular flange regresses. Thus, the primitive four-chambered heart is formed and blood
flows from the veins to sinus venosus, to atria, to ventricles, to conus, to truncus, to aortic sac,
to dorsal aorta.

Now the enlarging liver encroaches upon the developing vitelline and umbilical veins and
gradually all the blood will drain to the proximal right vitelline vein. The distal vitelline veins
will give rise to the portal system. The left umbilical vein remains and drains into the ductus
venosus, a shunt which allows blood to bypass the developing liver.

1.4. Septation of the heart

During the second month, the heart begins to septate into two atria, two ventricles, the
ascending aorta and the pulmonary trunk.

1.4.1. Atrial septation

Endocardial cushions develop in the dorsal (inferior) and ventral (superior) walls of the heart.
These grow toward each other as the cardiac jelly mesenchyme proliferates deep to the
endocardium. These cushions fuse and divide the common AV canal into the left and right AV
canals.

At the same time there is a developing septum from the dorsocranial atrial wall that grows
toward the cushions. This is the septum primum, and the intervening space is called the

 

Figure 7. Convolution of the Heart Tube
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foramen primum. As the septum reaches the endocardial cushions closing foramen primum,
a second opening, foramen secundum appears in septum primum. As foramen secundum
enlarges, a second septum, septum secundum forms to the right of septum primum. Septum
secundum forms an incomplete partition (lying to the right of foramen secundum) which
leaves an opening, the foramen ovale. The remaining portions of septum primum become the
valve of foramen ovale (fig 8).

Concurrently, the sinus venosus has shifted to the right as the proximal portions of the left
vitelline and umbilical veins are obliterated by the liver. The right sinus venosus becomes
incorporated into the right atrium forming the smooth portion of the right atrium. The
primitive right atrium is seen in the adult as the rough portion (auricle) of the right atrium.
The remainder of the left sinus horn is the coronary sinus and the oblique vein (of Marshall)
in the adult heart (fig 9).

On the left side, the primitive atrium is enlarged by the incorporation of tissue from the
original, single pulmonary vein and its proximal branches. This incorporated tissue is the adult
smooth left atrial wall through which four pulmonary veins empty independently. The
trabeculated left atrial appendage originated from the primitive left atrium.

 

Figure 8. Atrial Septation
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1.4.2. Ventricular septation

The muscular interventricular septum grows as a ridge of tissue from the caudal heart wall
toward the fused endocardial cushions. The remaining opening is the interventricular (IV)
foramen. The IV foramen is closed by the conal ridges, outgrowth of the inferior endocar‐
dial cushion, the right tubercle, and connective tissue from the muscular interventricular
septum. This portion of the I.V. septum is called the membranous part of the interventric‐
ular septum (fig 10).

 

Figure 10. Ventricular Septation

Figure 9. Atrial Development
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1.4.3. Septation of the bulbus cordis

Truncal swellings (ridges) appear first as bulges in the truncus on the right superior and the
left inferior walls. They enlarge and fuse in the midline to form the truncal (aorticopulmonary)
septum. This septum spirals as it develops distally, separating the distal pulmonary artery
from the aorta. At the same time, right dorsal and left ventral conal ridges form and fuse in
the midline. The conal septum helps dividing the proximal aorta from the pulmonary artery
and contributes to the membranous IV septum. The truncal and conal septa fuse to form a
180o spiral and together definitively form the aorta and the pulmonary artery. Cells that
contribute to the conal and the truncal septa are in part derived from neural crest cells that
migrate into these regions (fig 11).

 

Figure 11. Septation of the Bulbus Cordis

1.4.4. Cardiac valve fromation

Semilunar valves develop in the aorta and pulmonary artery as localized swellings of endo‐
cardial tissue. The atrioventricular valves develop as subendocardial and endocardial tissues
and project into the AV canal. These bulges are excavated from the ventricular side and
invaded by muscle. Eventually, all the muscle, except that remaining as papillary muscle,
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disappear and three cusps of the right AV (tricuspid) valve, and two cusps of the left AV
(mitral) valve remain as fibrous structures.

1.4.5. Development of the major arteries

The six pairs of aortic arches, develop in a cephalocaudal direction and interconnect the ventral
aortic roots and the dorsal aorta. They are never all present in the developing human heart.
Of the six pairs of aortic arches, most of the first, second and fifth arches disappear (fig 12).

Figure 12. Development of the Major Arteries

1.4.6. Development of the veins

The veins develop from the three major vascular circuits. As with the arteries they develop in
a cephalocaudal direction and as a consequence the precursors to the veins are never all present
at the same time. In addition, as new structures develop the course of veins changes.

In considering the development of the veins, the veins to the head are derived from the anterior
cardinal veins. New channels also develop such as the thymicothyroid anastomoses and the
external jugular veins and give rise to veins of the head and neck (fig 13).
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Figure 13. Development of the Veins

In the trunk, one set of veins develops from the posterior cardinal veins and veins that develop
from it later in development, such as the subcardinal, supracardinal, and sacrocardinal veins.
These veins will give rise to the inferior vena cava, the renal, adrenal and gonadal veins, as
well as the azygos and hemiazygos viens (fig 14).

Figure 14. Development of Azygos Veins

The superior mesenteric vein (and perhaps the splenic vien) as well as the veins to the liver
develop from the vitelline (omphlomesenteric) veins. The ductus venosus develops as a new
structure that connects the left umbilical vein with the inferior vena cava (fig 12).
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2. The cardiomyopathies

Cardiomyopathy  is  a  chronic  disease  of  the  heart  muscle  (myocardium),  in  which  the
muscle  is  abnormally enlarged,  thickened,  and/or  stiffened.  The weakened heart  muscle
loses the ability to pump blood effectively, resulting in irregular heartbeats (arrhythmias)
and possibly even heart failure. Cardiomyopathy, a disease of the heart muscle, primari‐
ly  affects  the  left  ventricle,  which  is  the  main  pumping  chamber  of  the  heart.  Usually,
cardiomyopathy begins in the heart's lower chambers (the ventricles), but in severe cases
can  affect  the  upper  chambers,  or  atria.The  disease  is  often  associated  with  inadequate
heart  pumping and other heart  function abnormalities.  Cardiomyopathy is  not  common
but it can be severely disabling or fatal. Most people are only mildly affected by cardiomy‐
opathy and can lead relatively normal lives.However, people who have severe heart failure
may  need  a  heart  transplant.Cardiomyopathy  is  a  heart  condition  that  not  only  affects
middle-aged and elderly  persons,  but  can  also  affect  infants,  children,  and adolescents.
Cardiomyopathy  is  classified  as  either  "ischemic"  or  "nonischemic".  All  cases  related  to
children  and  teenagers  are  considered  "nonischemic"  cardiomyopathy.  Non-ischemic
cardiomyopathy  predominately  involves  the  heart's  abnormal  structure  and  function.  It
does not involve the hardening of arteries on the heart surface typically associated with
ischemic cardiomyopathy. Nonischemic cardiomyopathy can then be broken down into: 1)
"primary cardiomyopathy" where the heart is predominately affected and the cause may
be due to infectious agents or genetic disorders and 2) "secondary cardiomyopathy" where
the heart is affected due to complications from another disease affecting the body (i.e. HIV,
cancer, muscular dystrophy or cystic fibrosis).Cardiomyopathy is nondiscriminatory in that
it can affect any adult or child at any stage of their life. It is not gender, geographic, race
or  age  specific.  It  is  a  particularly  rare  disease  when  diagnosed  in  infants  and  young
children.  Cardiomyopathy  continues  to  be  the  leading  reason  for  heart  transplants  in
children.Pediatric cardiomyopathy is a rare heart condition that affects infants and children.
Specifically,  cardiomyopathy  means  disease  of  the  heart  muscle  (myocardium).  Several
different types of cardiomyopathy exist and the specific symptoms vary from case to case.
In some cases, no symptoms may be present (asymptomatic); in many cases, cardiomyop‐
athy is a progressive condition that may result in an impaired ability of the heart to pump
blood; fatigue; heart block; irregular heartbeats (tachycardia); and, potentially, heart failure
and  sudden  cardiac  death.There  are  numerous  causes  for  a  complex  disease  such  as
cardiomyopathy.  For  the  majority  of  diagnosed  children,  the  exact  cause  remains  un‐
known (termed "idiopathic").  In some cases,  it  may be related to an inherited condition
such  as  a  family  history  of  cardiomyopathy  or  a  genetic  disorder  such  as  fatty  acid
oxidation,  Barth  syndrome,  orNoonan syndrome.  Cardiomyopathy  can  also  be  a  conse‐
quence of another disease or toxin where other organs are affected. Possible causes include
viral infections (Coxsackie B - CVB), auto-immune diseases during pregnancy, the build-
up  of  proteins  in  the  heart  muscle  (amyloidosis),  and  an  excess  of  iron  in  the  heart
(hemochromatosis).  Excessive  use  of  alcohol,  contact  with  certain  toxins,  complications
from AIDS, and the use of some therapeutic drugs (i.e.  doxorubicin) to treat cancer can
also contribute to the development of the disease.
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3. Pediatric cardiomyopathies

Pediatric cardiomyopathy is a rare heart condition that affects infants and children.There is a
vast amount of literature on adult cardiomyopathy but not all of the information is relevant
to children diagnosed with the disease. Unfortunately, there has been little research and focus
on pediatric cardiomyopathy over the years. Consequently, the causes are not well understood.
Pediatric cardiomyopathy is more likely to be due to genetic factors while lifestyle or envi‐
ronmental factors play a greater role in adult cardiomyopathy.

In rare cases, pediatric cardiomyopathy may be a symptom of a larger genetic disorder that
may not be immediately detected. For example, when an infant or young child is diagnosed
with dilated cardiomyopathy, a rare genetic heart disease called Barth Syndrome or a mito‐
chondrial defect (i.e. Kearns-Sayre syndrome) may be the cause. Similarly, a child with severe
hypertrophic cardiomyopathy may actually have Noonan Syndrome, Pompe disease (type II
glycogen storage disease), a fatty acid oxidation disorder, or mitochondrial HCM. It is therefore
important for any diagnosed child to be properly evaluated for other suspected genetic
disorders. A thorough evaluation remains a complicated and expensive process due to the
large number of rare genetic causes, the broad range of symptoms and the existence of many
specialized biochemical, enzymatic and genetic tests. Verifying a diagnosis may require getting
additional blood, urine or tissue tests and consulting other specialists such as a neurologist
and geneticist.

Cardiomyopathy in children may also present differently from diagnosed teenagers or adult.
It is considered unusual when an infant or a child is diagnosed with symptoms at such a young
age. Typically, symptoms are not apparent until the late teens or adult years when most
patients are diagnosed. With hypertrophic cardiomyopathy, the disease commonly develops
in association with growth and is detected when a child progresses through puberty. Even in
genetically affected family members, a child that carries the muted gene from birth may appear
to have a normal heart and be asymptomatic until puberty.

A diagnosis at a young age usually, but not always, signifies a serious heart condition that
requires aggressive treatment. The concern lies in the uncertainty of how the heart muscle will
respond with each additional growth spurt. With some older children, the condition may
stabilize over time with the aid of certain medications or surgery. In severe cases, small children
may experience progressive symptoms quickly leading to heart failure. This presentation
contrasts with most diagnosed adults who may only have minor symptoms without serious
limitations or major problems for years.Aside from differences in the cause and manifestation,
cardiomyopathy may also progress differently in children than adults. When children are
diagnosed at an early age, the prognosis may be poor depending on the form of cardiomyop‐
athy and the stage of the disease. For example, dilated cardiomyopathy can progress quite
rapidly when diagnosed in young children. Up to 40% of diagnosed children with dilated
cardiomyopathy fail medical management within the first year of diagnosis and of those that
survive many have permanently impaired heart function. Children diagnosed with hypertro‐
phic cardiomyopathy seem to fare better but the outcome is highly variable.Mortality and heart
transplant rates of childhood cardiomyopathies are much higher than in adults due to the
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rarity and uncertainty of the disease. Less than optimal outcomes may be attributed to the
more fragile state of infants and young children or it may be a function of the disease's
advanced progression associated with another genetic disorder. Another unfortunate reason
is that cardiomyopathy is not usually detected until the end stage when obvious symptoms of
heart failure are apparent. Cardiomyopathy can be easily missed in routine check-ups when
there are no obvious symptoms (i.e heart murmur) or when there is no reason for diagnostic
testing (i.e. no family history of the disease).

3.1. What causes cardiomyopathy?

Although pediatric cardiomyopathy is one of the leading causes of cardiac death in children,
an explanation for why it occurs remains unknown. Most cases are familial conditions that are
genetically transmitted, but the disease can also be acquired during childhood. The most
common cause for acquired cardiomyopathy is myocarditis, a viral infection that weakens the
heart muscle. Other causes for acquired cardiomyopathy include: 1) cardiovascular conditions
(i.e. Kawasaki disease, congenital heart defect, hypertension, cardiac transplantation or
surgery), 2) infectious or inflammatory diseases, 3) immunologic diseases (i.e. HIV), 4) obesity
or dietary deficiencies, 5) toxin reactions (i.e. drug, alcohol, radiation exposure), 6) connective
tissue and autoimmune diseases, 7) endocrine diseases and 8) pregnancy related complica‐
tions. Persistent rhythm problems or problems of the coronary arteries, either congenital or
acquired, can also lead to a weakening of the heart.

It is being increasingly recognized that certain genetic mutations are the primary cause for
pediatric cardiomyopathy. Mutations are defects in the DNA spiral, the protein structure of
many genes. The abnormalities in DNA involve a displacement in the sequence of one or more
of the amino acids that make up a gene protein. The disease is either inherited through one
parent who is a carrier (autosomal dominant transmission with a 50% chance of recurrence)
or through both parents who each contribute a defective gene (autosomal recessive transmis‐
sion with a 25% chance of recurrence). Cardiomyopathy can also be inherited by maternal
transmission (X-linked). Research continues to focus on identifying the specific genes that
cause cardiomyopathy and better understanding how these genetic abnormalities contribute
to the disease. However, it is a complex process with multiple diverse genes producing
extremely variable outcomes. Many children with hypertrophic cardiomyopathy (50-60%) and
to a lesser degree with dilated cardiomyopathy (20-30%) have a family history of the disease.
Recent advancements in genetic research show that hypertrophic cardiomyopathy involves
defects in the sarcomere genes and can be inherited in an autosomal dominant manner. Dilated
cardiomyopathy involves defects in the cytoskeleton genes and can be inherited autosomal
dominant, autosomal recessive or X-linked. In some cases, cardiomyopathy can be related to
another inherited metabolic or congenital muscle disorder such as Noonan syndrome, Pompe
disease, fatty acid oxidation defect or Barth syndrome. Most often, symptoms of these
disorders present early in life.Although there is a long list of possible causes for cardiomyop‐
athy, few of them are directly treatable and most therapy is aimed at treating the secondary
effects on the heart.
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According to the Pediatric Cardiomyopathy Registry, cardiomyopathies can be grouped into
five categories based on the specific genetic cause of the disease:

• myocarditis and other viral infections (27%),

• familial inherited cardiomyopathies (24%),

• neuromuscular disorders associated with cardiomyopathy (22%),

• metabolic disorders (16%),

• malformation syndromes associated with cardiomyopathy (10%).

3.2. Myocarditis and other viral infections

This a leading cause in children with cardiomyopathy and is more commonly associated with
DCM. It is caused by viral infections that cause the body's immune system to malfunction
damaging/inflaming the heart muscle tissue while attacking the invading virus. At this point,
it is unknown whether certain children have a certain genetic makeup that may make them
more susceptible to contracting myocarditis.

3.3. Familial inherited cardiomyopathies

Isolated familial cardiomyopathy is considered when the child does not show features of
metabolic or muscular disorders, and there is a known family history of cardiomyopathy. In
affected families with HCM, ARVD, DCM, and RM, the condition is predominately inherited
in an autosomal dominant manner where an affected parent has a 50% chance of passing the
defective gene to his/her offspring. In rare cases, ARVC, DCM and HCM can be inherited
through autosomal recessive or maternal transmission where unaffected parent(s) have a 25%
chance of an affected child with each pregnancy.

Although the genetic defect is the same in all members of an individual family, there are
variable outcomes and severity of the disease in different family members. The disease's
manifestation can range from minimal abnormality and no symptoms to severe complications
within the same family. In some families it may appear that the mutated gene skips a generation
but in reality the defective gene may not have expressed itself fully in a particular family
member, and therefore echocardiograms may appear normal.

3.3.1. Neuromuscular disorders associated with cardiomyopathy

Neuromuscular diseases associated with cardiomyopathy include those that affect the nerve
or skeletal muscles. These include muscular dystrophies (i.e. Duchenne and Becker), congen‐
ital myopathies, metabolic myopathies, and ataxias (i.e. Friedreich Ataxia). Common symp‐
toms are decreased muscle tone, weakness beginning after infancy, loss of motor control,
decreased muscle relaxation and decreased muscle bulk. Almost all of the neuromuscular
diseases associated with cardiomyopathy have a genetic basis.

Pediatric Cardiomyopathies
http://dx.doi.org/10.5772/55820

295



3.3.2. Metabolic disorders

Inborn errors of metabolism consist of numerous infiltrative storage diseases, abnormal energy
production, biochemical deficiencies and disorders related to toxic substances accumulating
in the heart. This category also includes mitochondrial abnormalities (i.e. MELAS, MERRF,
respiratory chain diseases, mitochondrial myopathies), fatty acid oxidation defects (carnitine
deficiency, VCHAD, LCHAD, LCAD, MCAD), Pompe disease and Barth syndrome. When the
demand for energy exceeds what the body can supply (i.e. during illness, physical stress or
decreased oral intake), patients with impaired energy metabolism are unable to maintain their
body's biochemical stability. This may lead to low blood sugar, excessive acidity in the blood
and/or high ammonia levels that put additional strain on the heart.Metabolic disorders are
inherited by autosomal recessive transmission (each parent contributes a defective gene) or X-
linked transmission (mother contributes defective gene). Usually patients appear to be
physically normal in early childhood but as the body's energy production continues to be
impaired, toxic substances may accumulate throughout the body leading to multiple organ
failure. Common symptoms include muscle weakness, decreased muscle tone, growth
retardation, developmental delays, failure to thrive, constant vomiting and lethargy. In critical
states, the child may exhibit stroke like symptoms, seizures, have low blood sugar, and be
unable to use the body's fuel correctly.

In contrast, patients with storage diseases such as Pompe, Cori, and Andersen disease cannot
break down glycogen, the storage form of sugar. These syndromes are characterized by
problems with growth, brain dysfunction, decreased muscle tone, muscle weakness, and
symptoms of heart failure.

3.3.3. Malformation syndromes associated with cardiomyopathy

Malformation syndromes are characterized by minor and major physical abnormalities with
distinctive facial features. It is caused by genetic mutations through autosomal dominant,
autosomal recessive, or X-linked recessive inheritance. It can also be cause by a chromosomal
defect where a specific chromosome is deleted or duplicated. Noonan syndrome is the most
common form associated with pediatric cardiomyopathy. Common symptoms include short
stature, webbed neck, wide set eyes, low set ears and extra skin folds.

3.4. Forms of cardiomyopathy

There are four main types of nonischemic cardiomyopathy that are recognized by the World
Health Organization: dilated (DCM), hypertrophic (HCM), restrictive (RCM) and arrhythmo‐
genic right ventricular (ARVC). Each form is determined by the nature of muscle damage.
With some patients, cardiomyopathy may be classified as more than one type or may change
from one type to another over time. According to the pediatric cardiomyopathy survey, dilated
cardiomyopathy is the most common (58%), followed by hypertrophic cardiomyopathy (30%)
and a few cases of restrictive cardiomyopathy (5%) and arrhythmogenic right ventricular
cardiomyopathy (5%). Although not formally categorized by the World Health Organization,
left ventricular non-compaction cardiomyopathy (LVNC) is increasingly being recognized.
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With each type of cardiomyopathy, symptoms and reactions to pharmaceutical or surgical
therapies may vary widely among patients.

4. Dilated cardiomyopathy

Dilated or congestive cardiomyopathy (DCM) is diagnosed when the heart is enlarged
(dilated) and the pumping chambers contract poorly (usually left side worse than right). A
diagram and echocardiogram comparing a normal heart and a heart with DCM (fig. 15)

Figure 15. A normal heart is shown on the left compared to a heart with dilated cardiomyopathy on the right.

This condition is the most common form of cardiomyopathy and accounts for approximately
55–60% of all childhood cardiomyopathies. It can have both genetic and infectious/environ‐
mental causes.It is more commonly diagnosed in younger children with the average age at
diagnosis being 2 years. Dilated cardiomyopathy can be familial (genetic), and it is estimated
that 20–30% of children with DCM have a relative with the disease, although they may not
have been diagnosed or have symptoms.

4.1. Signs and symptoms of DCM

Dilated cardiomyopathy can appear along a spectrum of no symptoms, subtle symptoms or,
in the more severe cases, congestive heart failure (CHF), which occurs when the heart is unable
to pump blood well enough to meet the body tissue needs for oxygen and nutrients.When only
subtle symptoms exist, infants and young children are sometimes diagnosed with a viral upper
respiratory tract infection or recurrent “pneumonia” without realizing that a heart problem is
the basis for these symptoms. Older children and adolescents are less likely to be diagnosed
with viral syndromes and more likely to present with decreased exercise capacity or easy
fatigability. With CHF, babies and young children will usually have more noticeable clinical
changes such as irritability, failure to thrive (poor gain weight), increased sweating especially
with activities, pale color, faster breathing and/or wheezing. In older children, congestive heart
failure can manifest as difficulty breathing and/or coughing, pale color, decreased urine output
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and swelling, excessive sweating, and fatigue with minimal activities. Until the diagnosis is
made in many children, chronic coughing and wheezing, particularly during activities, can be
misinterpreted as asthma.Some patients with DCM caused by viral myocarditis (weakened,
enlarged heart muscle usually due to a viral infection) can have a rapid increase in the number
and severity of CHF symptoms such that within 24–48 hours the child can become very ill
requiring emergency hospitalization, and occasionally, advanced life support.Symptoms due
to heart rhythm problems (or arrhythmias, which means irregular, fast or slow heart rates) can
also be either the first symptom or a symptom that appears after other symptoms have led to
a diagnosis of DCM. Symptoms of rhythm problems include palpitations (feeling of funny or
fast heart beats), syncope (fainting), seizures (convulsions), or even sudden cardiac arrest
(heart stops beating effectively requiring resuscitation). These symptoms can occur at any age
and with any stage of cardiomyopathy, even if other more severe symptoms of congestive
heart failure have not yet appeared.

4.2. Diagnosis of DCM

Once there is clinical suspicion based on the patient history and physical exam, the diagnosis
of DCM is primarily based on echocardiography. With this test, will be using ultrasound beams
to evaluate the heart looking for dilated chambers and decreased pump function. Along with
the echocardiogram, there are other tests that will likely be done to confirm the diagnosis or
provide clues as to the cause.A chest X-ray will show the heart size and can be used as a
reference to follow increases in heart size that may occur over time. An electrocardiogram, or
EKG, records the electrical conduction through the heart and is used to look for evidence of
thickened or enlarged chambers as well as abnormal heart beats that can occur in children with
this diagnosis. To more completely evaluate for the presence or absence of these abnormal
heart rhythms, which may effect treatment, your doctor may also order a Holter monitor which
records heart beats over a 24–48 hour period. A treadmill test can also be useful in some
children (beyond age 5–7 years) who can cooperate with this study. This exercise test is used
to assess the energy reserve child’s heart and, in cases when children do not respond ade‐
quately to medicines, this test may also help predict the need for heart transplantation.De‐
pending on child’s age, a battery of blood tests may be done in order to identify treatable causes
for the cardiomyopathy. This may include testing for certain viral infections such as adenovirus
and the Coxsackie viruses as they have been associated with DCM especially in younger
children. In many cases, no cause is discovered, and the cardiomyopathy may be referred to
as “idiopathic” (cause unknown). Many heart failure specialists believe this “idiopathic” form
of the cardiomyopathy is genetic. While genetic screening has not yet become a standard
procedure, some physicians may send blood to molecular testing labs located in a few centers
around the country so that limited genetic testing can be performed looking for possible
mutations currently known to cause dilated cardiomyopathy. evaluation, usually with echo,
of other family members is recommended to rule out presence of this disease in other close
relatives (parents, siblings).

Finally, in more advanced cases of DCM, cardiac catheterization may be performed. During
this procedure, a catheter (thin plastic tube) will be slowly advanced through an artery or vein
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into the heart (while watching its course on a TV monitor) so that pressures within the heart
chambers can be measured. A cardiac biopsy, which involves removing tiny pieces of heart
muscle for inspection under the microscope, may be performed to help distinguish between
infectious and genetic causes.

4.3. Current treatment

Currently, there are no therapies that can “cure” DCM; however, many treatments are
available that can improve symptoms and decrease risk in children with DCM. The choice of
a specific therapy depends on the clinical condition of the child, the risk of dangerous events
and the ability of the child to tolerate the therapy. In the following sections, current medical
and non-medical therapies for DCM are summarized.

4.4. Medical therapy

The majority of children with DCM have signs and symptoms of heart failure. The most
common types of medications used to treat heart failure include diuretics, inotropic agents,
afterload reducing agents and beta-blockers.

Diuretics, sometimes called “water pills,” reduce excess fluid in the lungs or other organs by
increasing urine production. The loss of excess fluid reduces the workload of the heart, reduces
swelling and helps children breathe more easily. Diuretics can be given either orally or
intravenously. Common diuretics include furosemide, spironolactone, bumetanide and
metolazone. Common side effects of diuretics include dehydration and abnormalities in the
blood chemistries (particularly potassium loss).

Inotropic Agents are used to help the heart contract more effectively. Inotropic medications
and are most commonly used intravenously to support children who have severe heart failure
and are not stable enough to be home. Common types of inotropic medications include:

• Digoxin (taken by mouth): improves the contraction of the heart. Side effects include low
heart rate, and, with high blood levels, vomiting and abnormal heart rhythm.

• Dobutamine, dopamine, epinephrine, norepinephrine (intravenous medications given in
the hospital): medications that increase blood pressure and the strength of heart contrac‐
tions. Side effects include increased heart rate, arrhythmias and for some, constriction of the
arteries.

• Vasopressin (intravenous medication): increases blood pressure and improves blood flow
to the kidneys. Side effects include excessive constriction of the arteries and low sodium.

• Milrinone (intravenous medication): improves heart contraction and decreases the work of
the heart by relaxing the arteries. Side effects include low blood pressure, arrhythmias and
headaches.

Afterload Reducing Agents reduce the work of the heart by relaxing the arteries and allowing
the blood to flow more easily to the body. Common afterload reducing medications include:
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• Angiotensin converting enzyme inhibitors (ACE inhibitors): captopril, enalapril, lisinopril,
monopril (taken by mouth). Side effects include low blood pressure, low white blood cell
count, high potassium levels and kidney or liver abnormalities.

• Angiotensin I Blocker: Losartan (taken by mouth). Side effects include diarrhea, muscle
cramps and dizziness.

• Milrinone is an inotropic agent (see above) that also relaxes the arteries.

Beta-blockers  slow  the  heartbeat  and  reduce  the  work  needed  for  contraction  of  the
heart  muscle.  Slowing  down  the  heart  rate  can  help  to  keep  a  weakened  heart  from
overworking.  In  some  cases,  beta-blockers  allow  an  enlarged  heart  to  become  more
normal  in  size.  Common beta-blockers  (taken by mouth)  include carvedilol,  metoprolol,
propanolol  and  atenolol.  Side  effects  include  dizziness,  low  heart  rate,  low  blood
pressure,  and,  in  some cases,  fluid  retention,  fatigue,  impaired school  performance  and
depression.In  addition to  improving the  symptoms of  heart  failure,  ACE inhibitors  and
beta-blockers  have  been  shown  to  return  the  heart  size  toward  normal  and  lessen  the
number  of  deaths  and  hospitalizations  in  adult  patients  with  dilated  cardiomyopathy
without symptoms.  An ACE inhibitor is  recommended in children with dilated cardiomy‐
opathy  even  in  the  absence  of  symptoms.  Currently,  no  firm  recommendations  are
available  for  beta-blockers  in children.

4.5. Anticoagulation medications

In children with a heart that does not contract well, there is a risk of blood clots forming inside
the heart possibly leading to a stroke. Anticoagulation medications, also known as blood
thinners are often used in these situations. The choice of anticoagulation drug depends on how
likely it is that a blood clot will form. Less strong anticoagulation medications include aspirin
and dipyridamole. Stronger anticoagulation drugs are warfarin, heparin, and enoxaparin;
these drugs require careful monitoring with regular blood testing. While variable, common
side effects of anti-coagulants include excessive bruising or bleeding from otherwise minor
skin injuries, interaction with other medications and, for warfarin, fluctuations in anticoagu‐
lation blood levels caused by changes in daily dietary intake.

4.6. Anti-arrhythmia medications

In some DCM patients,  especially those with very dilated and poorly contractile  ventri‐
cles,  there may be a higher risk of an abnormal, life-threatening heart rhythm (ventricu‐
lar  tachycardia),  and  medications  are  used  to  prevent  or  control  this  abnormal  rhythm
which  then  keeps  the  heart  beating  in  a  regular  pattern.  Common  anti-arrhythmia
medications  include:  amiodarone,  procainamide and lidocaine.  General  side  effects  may
include  slower  heart  rate,  lower  blood  pressure,  GI  upset  (nausea/constipation),  head‐
ache,  depressed mood, difficulties concentrating,  dizziness,  and skin rash among others.
Consult  your cardiologist  for  drug-specific  side effects  once a  particular  anti-arrhythmic
medicine has been prescribed.
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4.7. Pacing therapies for DCM

4.7.1. Pacemakers

Pacemakers are small, battery-operated devices that are placed under the skin of the chest or
abdomen and attached to electrical wires (leads) which are threaded to the heart. Depending
on which type of pacemaker is used, these leads are attached to muscle tissue either on the
inside or outside of the heart. The devices monitor the heartbeat and help maintain a regular
rhythm in children who are prone to have abnormal heartbeats.In some patients with DCM,
the heart rate can become too slow either due to abnormally slow conduction of impulses
through the heart or as a side effect of medications. In those instances, a “back-up” pacemaker
can be implanted to help maintain an appropriate heart rate.Conversely, as mentioned above,
patients with DCM can develop abnormally fast, life-threatening arrhythmias (ventricular
tachycardia and/or fibrillation). Implantable cardioverter defibrillators (ICDs) can be used in
those children to convert these arrhythmias to a normal rhythm.Finally, a bi-ventricular pacing
system has recently become part of the standard therapy in adults with end-stage heart failure
associated with DCM, and this treatment modality is currently being evaluated in children.

4.7.2. Implantable Cardioverter Defibrillator (ICD)

ICDs are designed to prevent sudden death from a serious arrhythmia known as ventricular
tachycardia or fibrillation. An ICD constantly monitors heart rate, and when ventricular
tachycardia or fibrillation is detected, the ICD delivers a shock to the heart that restores normal
rhythm. ICDs are used in patients with hypertrophic cardiomyopathy who are felt to be at
high risk for a sudden death and in children with dilated cardiomyopathy who have serious
ventricular arrhythmias.

4.7.3. Biventricular pacemaker

In recent promising studies in adult patients with dilated cardiomyopathy, a special pace‐
maker that can pace both the right and left ventricles has been designed. This system, which
has to be specially timed, allows the two ventricles to contract together and improves the
synchrony of contraction between the walls of the left ventricle. Study results have shown that,
when added to other medical treatments, this mode of pacing has helped some patients live
longer with fewer hospitalizations and, in some cases, has decreased the need for transplan‐
tation. At the time of this publication, use of bi-ventricular pacing in children is in the early
stages of development. It is not yet known which children may benefit most from this form of
pacing or the best way to implant the system

4.8. Surgical options for DCM

No surgery has been effective in improving the heart function in dilated cardiomyopathy. In
a few patients with a severely dilated left ventricle and a very leaky (regurgitant) mitral valve,
surgery to repair or replace the mitral valve may help the heart function improve temporarily.
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Heart transplantation is the only effective surgery offered for patients with DCM who have
severe heart failure that does not respond to medications or other treatments.

4.9. Cardiac assist devices (Mechanical hearts)

Cardiac assist devices are machines that do the work of the heart using a mechanical pump to
deliver blood to the body. Cardiac assist devices are implanted when all other therapies have
failed and the heart failure is severe. They improve blood flow to the body and allow other
organs to recover from the stress of heart failure. These devices are typically used as bridges
to transplantation. That is, they are used to support a child either until the heart function has
recovered enough to effectively circulate blood through the body or until a suitable donor
organ can be found. In pediatric patients, they are designed as a temporary means of support
and cannot be used as a permanent alternative to the child’s own heart or a transplanted heart.
Potential complications of cardiac assist devices include infection, blood clots, stroke and
mechanical problems with the devices themselves. There are a variety of cardiac assist devices
available. The type of cardiac assist device that is used for an individual child depends on body
size and also the type of assist support needed.

4.10. Heart transplantation

Dilated cardiomyopathy is one of the leading reasons for heart transplantation in children.
Heart transplant is only considered in children who have such serious heart disease that there
are no other medications or support devices available to sustain the child. A heart transplant
offers the child with DCM the chance to return to a normal lifestyle.

While a donor heart can cure the symptoms of heart failure and greatly improve survival, it is
a major operation with considerable risks and long-term complications. Once a transplant is
done, other concerns arise, such as infection, organ rejection, coronary artery disease, and the
side effects of medications.

5. Hypertrophic cardiomyopathy

Most often diagnosed during infancy or adolescence, hypertrophic cardiomyopathy (HCM) is
the second most common form of heart muscle disease, is usually genetically transmitted, and
comprises about 35–40% of cardiomyopathies in children. A diagram and echocardiogram
comparing a normal heart and a heart with HCM (fig.16).

“Hypertrophic” refers to an abnormal growth of muscle fibers in the heart. In HCM, the thick
heart muscle is stiff, making it difficult for the heart to relax and for blood to fill the heart
chambers. While the heart squeezes normally, the limited filling prevents the heart from
pumping enough blood, especially during exercise.Although HCM can involve both lower
chambers, it usually affects the main pumping chamber (left ventricle) with thickening of the
septum (wall separating the pumping chambers), posterior wall or both. With hypertrophic
obstructive cardiomyopathy (HOCM), the muscle thickening restricts the flow of blood out of
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the heart. Often, leakage of the mitral valve causes the blood in the lower chamber (left
ventricle) to leak back into the upper chamber (left atrium). In less than 10% of patients, the
disease may progress to a point where the heart muscle thins and the left ventricle dilates
resulting in reduced heart function similar to that seen in DCM.HCM is most often diagnosed
during infancy or adolescence. Gene defects can be familial, and it is estimated that 50–60% of
children with HCM have a relative with the disease, although they may not have been
diagnosed or have symptoms.

5.1. Signs and symptoms of HCM

There is tremendous variation in how HCM presents and progresses. While some children
have no or mild symptoms, others may have more severe symptoms including heart failure.
Some patients develop abnormal heart rhythms (arrhythmias) that may put them at increased
risk for sudden cardiac death. Children under 1 year of age often have symptoms of congestive
heart failure whereas older children may be symptom free and, therefore, may be unaware
that HCM is present. Onset of symptoms often coincides with the rapid growth and develop‐
ment of late childhood and early adolescence. The strenuous exercise of competitive sports
has also been known to make symptoms of HCM more apparent. Disease severity and
symptoms are related to the extent and location of the hypertrophy and whether there is
obstruction to blood leaving the heart or valve leakage from the left-sided pumping chamber

Figure 16. A normal heart is shown on the left compared to a heart with a hypertrophic cardiomyopathy on the right.
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back into the left atrium above. The first sign of HCM may be a murmur, although this is
usually absent in the non-obstructive form of HCM. Symptoms in children with HCM can
include dyspnea (shortness of breath during exercise), angina (chest pain), presyncope (light-
headedness or dizziness), syncope (fainting), exercise intolerance or palpitations/arrhythmias
(irregular heartbeats). Symptoms in infants may be more difficult to detect but include
difficulty breathing, poor growth, excessive sweating (diaphoresis) or crying and agitation
during feeding thought to be due to chest pain Children with severe HCM may have symptoms
of heart failure such as difficulty breathing, swelling around the eyes and legs (edema),
tiredness or weakness, coughing, abdominal pain and vomiting. Mild symptoms of heart
failure can also resemble asthma. Children with HCM may also develop an abnormal heartbeat
(arrhythmia), either beating too fast (tachycardia) or too slow (bradycardia). Symptoms
resulting from rhythm problems can appear without a child having congestive heart failure
or other more obvious symptoms of HCM. The risk of sudden death from arrhythmia is higher
with this form of cardiomyopathy compared with other forms of pediatric myopathy espe‐
cially among adolescent patients. Finally, in some cases of HCM (especially those with extreme
wall thickness), the disease evolves towards progressive wall thinning and LV chamber
dilation until theheart appears to have all the features of DCM. In these cases, a family history
of HCM, a prior echocardiogram that showed HCM or a cardiac biopsy may help differentiate
between the two.

5.2. Diagnosis of HCM

Once suspected, the diagnosis of hypertrophic cardiomyopathy is established with an
echocardiogram (or ultrasound of the heart) looking for abnormally thick walls predominantly
in the left pumping chamber (left ventricle). In addition, the extent of obstruction or muscular
narrowing through the outlet of the left ventricle to the aorta (main vessel which carries blood
to the body) will be assessed. This diagnosis can only be made after other potential causes of
abnormal wall thickening (i.e., aortic valve stenosis, coarctation of the aorta, high blood
pressure, etc.) are eliminated either by physical exam or echocardiogram. An electrocardio‐
gram, or EKG, which records the electrical impulses sent through the heart, may show evidence
of thickened pumping chambers. Many cardiologists will order a Holter monitor to record you
child’s heartbeats over a 24–48 hour period. This will allow your physician to check for
abnormal, and sometimes life-threatening, heart rhythms, which can occur more often in
children with HCM. To further estimate child’s risk for developing these abnormal heart
rhythms, some cardiologists may ask, in children old enough to cooperate, to perform an
exercise treadmill test.Since the cause of this form of cardiomyopathy varies and depends on
child’s age, additional laboratory testing may be requested. In some cases, an accumulation of
abnormal proteins or sugars (glycogen) may occur in the heart causing the increased wall
thicknesses. In others, genetic mutations or abnormalities in the mitochondria (powerhouses
of the cells) produce this effect. Genetic testing is available for some but not all forms of HCM.
In the next decade, as more genetic bases for HCM are identified, genetic testing may become
a routine part of the HCM evaluation.
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5.3. Current treatment for HCM

Currently, there are no therapies that can “cure” HCM; however, many treatments are
available that can improve symptoms and potentially decrease risk in children with HCM. The
choice of a specific therapy depends on the clinical condition of the child, the risk of dangerous
events and the ability of the child to tolerate the therapy. In the following sections, treatments
for HCM are summarized.

5.4. Medical therapies

Medications are used to treat children with HCM who have symptoms such as difficulty
breathing, chest pain, decreased activity tolerance or fatigue and generally include beta-
blocking and calcium channel-blocking medicines. Beta-blocking medications are used to slow
the heartbeat and allow the heart to fill more completely when the thick muscle in the
ventricular septum narrows the outflow of blood from the heart. These medications can cause
excessive slowing of the heart rate, low blood pressure, dizziness, and in some cases, fluid
retention, fatigue, impaired school performance and depression. Calcium channel blockers
improve the filling of the heart by reducing the stiffness of the heart muscle, and are used in
patients with chest pain or breathlessness. Side effects can include excessive slowing of the
heart rate and lower blood pressure. Common calcium channel blockers are verapamil and
diltiazem. Diuretics, which must be used with caution in this disease, are used to decrease
fluid accumulation (when present) from the lungs in children with severe hypertrophic
cardiomyopathy. In the case of HCM which has progressed into a myopathy with DCM
features (occurs relatively infrequently as a later stage of HCM - see previous discussion of
HCM), therapies used to treat HCM will no longer be effective, and standard medicines for
the treatment of DCM will be substituted.

5.5. Pacing therapies for HCM

5.5.1. Implantable Cardioverter Defibrillator (ICD)

ICDs are designed to prevent sudden death from a serious arrhythmia known as ventricular
tachycardia or fibrillation. An ICD constantly monitors heart rate, and when ventricular
tachycardia or fibrillation is detected, the ICD delivers a shock to the heart that restores normal
rhythm. ICDs are used in patients with hypertrophic cardiomyopathy who are felt to be at
high risk for a sudden death or have documented serious ventricular arrhythmias.

5.6. Surgery for HCM

Septal myomectomy is a surgery that is performed in patients with hypertrophic cardiomy‐
opathy when symptoms of heart failure have developed because the thickened muscle of the
septum (the wall dividing the two sides of the heart) has narrowed (obstructed) the blood flow
out of the heart, and medical therapy has not been effective. The surgery involves removing
the muscle that has obstructed the blood flow. While septal myomectomy is effective in
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controlling symptoms, it does not stop hypertrophy from progressing, nor does it treat the life-
threatening abnormal rhythms associated with HCM.

5.7. Heart transplantation

Currently, transplantation for HCM is not routinely performed. Two exceptions include
medically refractory ventricular arrhythmias, and HCM which has developed features of DCM
not responsive to standard DCM therapy. A heart transplant will offer that child the chance
to return to a normal lifestyle. While a donor heart can cure the symptoms of heart failure and
greatly improve survival, it is a major operation with considerable risks and long-term
complications. Once a transplant is done, other concerns arise, such as infection, organ
rejection, coronary artery disease, and the side effects of medications.

6. Restrictive cardiomyopathy

Restrictive cardiomyopathy (RCM) is a rare form of heart muscle disease that is characterized
by restrictive filling of the ventricles. In this disease the contractile function (squeeze) of the
heart and wall thicknesses are usually normal, but the relaxation or filling phase of the heart
is very abnormal. This occurs because the heart muscle is stiff and poorly compliant and does
not allow the ventricular chambers to fill with blood normally. This inability to relax and fill
with blood results in a “back up” of blood into the atria (top chambers of the heart), lungs and
body causing the symptoms and signs of heart failure(fig.17).

Figure 17. Restrictive Cardiomyopathy (RCM)
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Within the broad category of cardiomyopathy, RCM is the least common in children, account‐
ing for 2.5–5% of the diagnosed cardiomyopathies The average age at diagnosis is 5 to 6 years.
RCM appears to affect girls somewhat more often than boys. There is a family history of
cardiomyopathy in approximately 30% of cases. In most cases the cause of the disease is
unknown (idiopathic), although a genetic cause is suspected in most cases of pediatric RCM.

6.1. Signs and symptoms of RCM

In children the first symptoms of RCM often seem related to problems other than the heart.
The most common symptoms at first may appear to be lung related. Children with RCM
frequently have a history of “repeated lung infections” or “asthma.” In these cases, referral to
a cardiologist eventually occurs when a large heart is seen on chest x-ray. The second most
common reason for referral is an abnormal physical finding during a doctor’s examination.
Children who have ascites (fluid in the abdomen), hepatomegaly (enlarged liver) and edema
(fluid causing puffy looking feet, legs, hands or face) are often sent to see a gastroenterologist
first. Referral to a cardiologist is made when additional cardiac signs or symptoms occur, a
chest x-ray is found to be abnormal or no specific gastrointestinal cause is found for the edema
or enlarged liver. When the first sign of the disease is an abnormal heart sound, or signs of
heart failure are recognized, then earlier referral to a cardiologist occurs. In approximately 10%
of cases, fainting is the first symptom causing concern. Unfortunately, sudden death has been
the initial presentation in some patients.

6.2. Diagnosis of RCM

Restrictive cardiomyopathy is among the rarest of childhood cardiomyopathies. Its diagnosis
is difficult to establish early in the clinical course due to the lack of symptoms. Therefore, in
many cases, this diagnosis is made only after presentation with symptoms such as decreased
exercise tolerance, new heart sound (gallop), syncope (passing out) or chest pain with
exercise.Once suspected, there are certain tests that can help confirm this diagnosis. An
electrocardiogram, or EKG, which records the electrical conduction through the heart, can be
very helpful. This can show abnormally large electrical forces from enlargement of the atria
(upper chambers) of the heart. An echocardiogram, or ultrasound of the heart, can provide
additional clues to help make this diagnosis. Generally, in children with RCM, the echocar‐
diogram shows marked enlargement of the atria (upper chambers), normal sized ventricles
(lower chambers) and normal heart function. In more advanced disease states, pulmonary
artery pressure (blood pressure in the lungs) will be increased and can often be estimated
during the echocardiogram.Cardiac catheterization is usually the next procedure done to
confirm the diagnosis. During this procedure, a catheter (thinplastic tube) will be slowly
advanced through an artery or vein into the heart (while watching its course on a TV monitor)
so that pressures within the heart chambers can be measured. These measurements often show
significantly elevated pressures during the relaxation period of the heart (when it fills with
blood before the next beat) and varying degrees of increased pulmonary artery pressure (which
can confirm the echo estimates) in the absence of any other structural heart disease. In very
rare cases, based on clinical symptoms and prior laboratory evaluation, a cardiac biopsy may
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be performed. This involves removing tiny pieces of heart muscle for inspection under the
microscope to search for potential causes of this condition (such as amyloidosis or sarcoidosis,
which are common causes of RCM in adults but rarely in pediatric patients). Finally, since
childhood RCM is often genetic and in many cases will be inherited, once this diagnosis is
established, your doctor will likely request that parents, siblings of the patient and sometimes
other close relatives be screened with an echocardiogram to rule out the presence of this disease
in other family members.

6.3. Current treatment

Currently, there are no therapies that can “cure” RCM; however, some treatments are available
that can improve symptoms in children with RCM. The choice of a specific therapy depends
on the clinical condition of the child, the risk of dangerous events and the ability of the child
to tolerate the therapy.

6.4. Medical therapies to treat RCM and associated heart failure

Some children with RCM have signs and symptoms of heart failure due to the abnormal
relaxation properties of the heart muscle. The most common types of medications used to treat
heart failure under these circumstances include diuretics, beta-blockers and occasionally
afterload reducing agents.

Diuretics, sometimes called “water pills,” reduce excess fluid in the lungs or other organs by
increasing urine production. Diuretics can be given either orally or intravenously. Common
diuretics include furosemide, spironolactone, bumetanide and metolazone. Common side
effects of diuretics include dehydration and abnormalities in the blood chemistries (particu‐
larly potassium loss). In patients with RCM, diuretics must be used very carefully and given
only in doses to treat extra lung and abdominal fluid without inducing excessive fluid loss as
this may cause symptomatically low blood pressure.

Beta-blockers slow the heartbeat and increase the relaxation time of the heart. This may allow
the heart to fill better with blood before each heart beat and decrease some of the symptoms
created by the stiff pumping chambers. Common beta-blockers (taken by mouth) include
carvedilol, metoprolol, propanolol and atenolol. Side effects include dizziness, low heart rate,
low blood pressure, and, in some cases, fluid retention, fatigue, impaired school performance
and depression.

6.5. Anticoagulation medications

In children with a  heart  that  does not  relax well,  there is  a  risk of  blood clots  forming
inside the heart possibly leading to a stroke. Anticoagulation medications, also known as
blood  thinners,  are  often  used  in  these  situations.  The  choice  of  anticoagulation  drug
depends  on  how  likely  it  is  that  a  blood  clot  will  form.  Less  strong  anticoagulation
medications include aspirin and dipyridamole. Stronger anticoagulation drugs are warfar‐
in,  heparin,  and enoxaparin;  these  drugs  require  careful  monitoring  with  regular  blood
testing. While variable,  common side effects of anticoagulants include excessive bruising
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or bleeding from otherwise minor skin injuries, interaction with other medications and, for
warfarin, fluctuations in anticoagulation blood levels caused by changes in daily dietary
intake.  Information regarding which food groups can significantly  affect  warfarin levels
can be obtained from your cardiologist.

6.6. Surgery for restrictive cardiomyopathy

No surgery has been effective in improving the heart function in restrictive cardiomyopathy.
Heart transplantation is the only effective surgery offered for patients with RCM, particularly
those who already have symptoms at the time of diagnosis or in whom reactive pulmonary
hypertension exists.

6.7. Heart transplantation

Since there are no proven effective therapies for children with RCM, transplantation is the only
known intervention for this disease. This is especially true in cases where evaluation has
demonstrated the presence of pulmonary hypertension, which can be fatal if not treated. For
children with RCM, heart transplantation can address both the abnormal heart function as well
as associated pulmonary hypertension. A heart transplant offers the child with RCM the
chance to return to a normal lifestyle. While a donor heart can cure the symptoms of heart
failure and greatly improve survival, it is a major operation with considerable risks and long-
term complications. Once a transplant is done, other concerns arise, such as infection, organ
rejection, coronary artery disease, and the side effects of medications.

7. Miscellaneous (Rare) cardiomyopathies

There are other forms of cardiomyopathy which comprise only a very small percentage of the
total (~2–3%) number of cardiomyopathies in children. These cardiomyopathies may have
overlapping features with any of the previous types described and include arrhythmogenic
right ventricular dysplasia (ARVD), mitochondrial and left ventricular non-compaction
cardiomyopathies (LVNC).Patients with ARVD have dilated, poorly functioning right
ventricles which have fatty deposits within the walls and are at risk for abnormally fast, life-
threatening heart rhythms (ventricular tachycardia). This myopathy can be diagnosed (usually
due to the abnormal rhythms) either in early infancy or later in adolescence/adulthood by
echocardiogram or MRI, and its prognosis depends, in part, on the age at presentation.Mito‐
chondrial myopathies are rare and often present early in life. Hearts in the affected patients
are often thick-walled (hypertrophic), although dilated hearts with poor function can also
occur with this type of myopathy. This cardiomyopathy is caused by abnormalities in the
mitochondria of the cells, which are small structures within each cell responsible for generating
the energy the cell uses for its normal activities. These cardiomyopathies are often associated
with other muscle, liver, neurologic and/or developmental abnormalities and are usually
genetically passed from an affected mother to her children.Finally, left ventricular non-
compaction (LVNC) cardiomyopathy is characterized by deep trabeculations (or crevices)
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within muscle of the left ventricular walls. These hearts may have features of both dilated and/
or hypertrophic cardiomyopathy. Conditions associated with LVNC include mitochondrial
and metabolic disorders as well as systemic (whole body) processes such as Barth syndrome.
Barth syndrome has a constellation of abnormalities including cyclic neutropenia or periodic
fluctuations in the white blood cell count (which may not be apparent in early infancy),
hypotonia (weak muscles) and LVNC cardiomyopathy. Barth syndrome has recently been
linked to an abnormality in the X-chromosome and is passed from mother to son.

7.1. Symptoms of ARVD, mitochondrial and LVNC cardiomyopathies

Symptoms (the problems noted by the child and/or family) and signs (the problems detected
by your physician) of cardiomyopathy in children are dependent on several factors including
the type, cause and severity of the specific cardiomyopathy, the age when the problems started,
and the effects of treatment. Since patients with ARVD generally have symptoms consistent
with DCM, and patients with mitochondrial or LVNC cardiomyopathies can have symptoms
seen with either HCM or DCM, families are encouraged to review the relevant sections written
for dilated and hypertrophic cardiomyopathies within this brochure to become familiar with
the pertinent symptoms for each of these cardiomyopathy types.

7.2. Diagnosis of ARVD, mitochondrial and LVNC cardiomyopathies

As with presenting symptoms, the clinical diagnosis of these rare forms of cardiomyopathy
will depend on the features of the specific cardiomyopathy. That is, the diagnostic criteria in
a child with ARVD will generally follow that of DCM while the mitochondrial and LVNC
myopathies will follow that of either DCM or HCM depending on the clinical manifestations
of the myopathy. In addition to what is discussed in the diagnostic sections written for the
dilated and hypertrophic forms of cardiomyopathy found elsewhere in this brochure, the
following comments highlight a few details specific for the diagnosis of each of these rare
cardiomyopathies.

The diagnosis of ARVD can be difficult especially in children given its low incidence. However,
opposed to the usual form of DCM, which involves the left ventricle to a greater extent, ARVD
typically involves the right ventricle preferentially and often times, the clinical suspicion for
ARVD can be further explored with MRI (Magnetic Resonance Imaging) which, in many cases,
can differentiate fatty deposits from muscle tissue within the wall of the right ventricle that
are commonly seen with this disease. The diagnosis can usually be confirmed with visualiza‐
tion of significant fatty deposition within the right ventricular walls (where muscle should be)
from biopsy specimens obtained during cardiac catheterization.

Patients with mitochondrial cardiomyopathy often have other associated medical problems
such as hearing or vision problems, skeletal muscle weakness in the arm and leg muscles and/
or central nervous system issues including learning problems, developmental delay or loss of
developmental milestones. Once suspected, in addition to the cardiac assessment (for DCM or
HCM) outlined elsewhere in this brochure, a muscle biopsy performed to evaluate both
structure and function of the mitochondria can help verify this diagnosis. A cardiac biopsy is
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generally not useful because the volume of muscle tissue necessary to perform the mitochon‐
drial analyses can only be safely obtained from arm or leg muscles.

The diagnosis of LVNC can often by strongly suspected when deep crevices or trabeculations
are noted with the walls of the left ventricle during an echocardiogram. Very few other cardiac
diagnoses have these specific findings. Genetic testing may become more available in the near
future to assess identified causes of LVNC especially among male children and those suspected
of having Barth syndrome (see following discussion on the G4.5 mutation testing).

7.3. Current treatment

Currently, there are no therapies that can “cure” cardiomyopathy; however, many treatments
are available that can improve symptoms and decrease risk in children with cardiomyopathy.
The choice of a specific therapy depends on the type of cardiomyopathy, the clinical condition
of the child, the risk of dangerous events and the ability of the child to tolerate the therapy.

8. Living with cardiomyopathy

The diagnosis of cardiomyopathy affects many areas of a child’s life. The following sections
outline the general approaches to living with cardiomyopathy. It is important that specific
recommendations are developed by the team caring for the child with cardiomyopathy

9. Diet

All children with cardiomyopathy should follow a healthy diet. Certain types of cardiomy‐
opathy are associated with an inability to digest certain types of food, and in these cases, a
special diet is developed in consultation with metabolic specialists. In children with the dilated
subtype of cardiomyopathy and heart failure, a low salt diet is recommended to avoid fluid
retention. Some children with heart failure may not grow well. In these cases, a diet that
increases calories is recommended. Children who are taking some medications may have low
levels of magnesium or potassium and a diet that has a higher amount of one or both of these
two electrolytes may be recommended. Some children with severe heart failure can retain extra
body fluid, and it may be necessary to limit the amount that a child can drink to prevent fluid
from accumulating in the lungs.

10. Long term prognosis

The long-term outlook of pediatric cardiomyopathy continues to be unpredictable because it
occurs with such a wide spectrum of severity and outcome. Even if a child has a family history
of the disease, the degree to which he or she is affected can vary considerably from his/her
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parents or siblings. The overall prognosis for a child also depends on the type of cardiomy‐
opathy and the stage the disease is first diagnosed. Although there is no cure for the disease,
symptoms and complications can be managed and controlled with regular monitoring. Some
children will stabilize with treatment and lead a relatively normal lifewith fewphysical activity
restrictions. Other children with a more serious form of cardiomyopathy may face more
limitations, need specialized care and encounter minor developmental delays. Occasionally
children with certain types of cardiomyopathy do improve, but the majority do not show any
recovery in heart function. For the most severe cases, a heart transplant may be necessary.
Children diagnosed with DCM or RCM are more likely to require a transplant; it is less
common with HCM. Post transplant survival continues to improve with two year survival
rates at 80 percent and ten-year survival rates near 60 percent. Longer-term survival remains
to be determined but is expected to improve with more medical progress and research.
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