Introduction

Cardiomyopathy is defined as an intrinsic abnormality in systolic
and/or diastolic function of the myocardium and represents a
significant morbidity and mortality to both paediatric and adult
populations. In recent years, our understanding of the molecular
and genetic mechanisms responsible for cardiomyopathy has
increased exponentially. Although the disease process may
appear similar in adults and children, children represent a unique
population and data regarding predictors of adverse clinical
outcomes in this group are lacking.

Clearer elucidation of high risk groups may have several
benefits including more aggressive medical management, earlier
listing for cardiac transplantation and increased understanding
of the physiological stresses that impose increased morbidity
and mortality on these patients.

This article aims to introduce the major forms of cardio-
myopathy encountered in paediatrics and discuss current
therapies and prognoses.

Classification of cardiomyopathy
There have been several frameworks provided for the
classification of cardiomyopathy, with some authors advocating a
molecular classification.2 The Australian Cardiomyopathy study,
which studied all cases between 1987 and 1996, reported an
annual incidence of 1.24 per 100,000 children <10 years of age.
The most common forms of cardiomyopathy in this cohort
include dilated cardiomyopathy (DCM) (58.6%), hypertrophic
cardiomyopathy (HCM) (25.5%), restrictive cardiomyopathy
(RCM) (2.5%) and left ventricular non-compaction cardio-
myopathy (LVNC) (9.2%). Lymphocytic myocarditis was
present in 25 of 62 cases (40%) of DCM. Sudden cardiac death
(SCD) occurred in 11 cases (3.5%). The North American
cardiomyopathy study, which looked at Northeastern and
Southern USA, found similar findings.*

Genetics of cardiomyopathy among children
There are characteristic racial and genetic factors which pre-
dispose patients to various forms of cardiomyopathy. For each

form of cardiomyopathy, specific mutations have been
determined which are responsible for encoding proteins that
compose the cytoskeletal structure. A breakdown in cytoskeletal
structure consequently translates to a defective phenotype in
these children.

Certain populations may have a pre-disposition to cardio-
myopathy also. Arrhythmogenic right ventricular dysplasia
(ARVD) has a dramatically increased prevalence among the Italian
population and there have been reports of increased risk of HCM
among North Americans, Western Europeans and Japanese.>®

Characterisation of cardiomyopathies
Cardiomyopathies can be classified into the following:
Dilated.

Hypertrophic.

Restrictive.

Left ventricular non-compaction.

Arrhythmogenic right ventricular dysplasia.

Others including arrhythmia-induced and anthracycline-
induced.
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Dilated cardiomyopathy

DCM is the most common form of cardiomyopathy and is
defined as a patient having a dilated and poorly contracting left
ventricle, specifically a left ventricular ejection fraction (LVEF)
<40%, with left ventricular end-diastolic dimension (LVEDD)
>2 Z-scores.” These patients develop congestive heart failure as
a consequence of impaired left ventricular (LV) +/- right
ventricular (RV) systolic dysfunction.

The aetiology underlying this disease comprises multiple
genetic and metabolic disorders, some of which are provided
in Table 1.” Differentiation from myocarditis is important as, in
the latter case, there may be a significant resolution in LV
contractility following a quiescence of the viral process.

Causes and prevalence of DCM
Approximately 50% of cases are idiopathic, with an overall
prevalence of 36.5 per 100,000 patients (see Table 1).® In



adults, the majority of cases of DCM become manifest in the
fourth decade of life; however, the disease will often declare
itself in childhood.

Table 1. Causes of dilated cardiomyopathy

Idiopathic
Acute and chronic myocarditis
-Viral
Enterovirus (Coxsackie A,B, echovirus, poliovirus)
Adenovirus
Cytomegalovirus
Parvovirus
Influenza
EBV
Mumps
Measles
-Non-viral
Rickettsial
Bacterial
Protozoal
Collagen vascular disease
Drugs
Endocrine
Hereditary (AD, AR, X-linked, mitochondrial)
Inborn errors metabolism
Ischaemic (Kawasaki, atheroma, ALCAPA)
Muscular dystrophies
Nutritional deficiencies (selenium, carnitine, thiamine)
Peri-partum
Structural heart disease
Toxins (lead, cobalt)

Cardiac cytoskeleton

The myocardium acts as a mechanical syncytium, coupling
individual myocytes to provide a concerted myocardial
contraction. Force is generated by the actin-myosin interaction
and this energy is transmitted to adjacent sarcomeres at Z discs
and between myocytes at the intercalated discs. There is an
extensive network of proteins that links these sites. Dystrophin
and actin represent two essential proteins in this process and
mutations within these components often lead to defective
force transmission, which is accompanied by progressive LV
dilation and failure (Frank-Starling curve exceeded). The
progressive dilation of the left ventricle results in increased wall
stress (LaPlace’s law) and increased mismatch of myocardial
oxygen supply and demand.

With continued ventricular remodelling with ongoing heart
failure, cardiac fibroblasts proliferate, mechanically stable
collagen is degraded by metalloproteinases and an excess of
poorly cross-linked collagen accumulates within the

interstitium.® This results in increased muscle mass, ventricular
dilation and wall thinning. Eventually, cardiac apoptosis occurs
with non-inflammatory programmed cell death.x

Genetics of DCM

Several genetic loci have been identified as being responsible
for DCM. X-linked cardiomyopathy was one of the earliest
detected genetic causes of DCM, highlighting the crucial role
of dystrophin in maintaining integrity of the cytoskeleton.t
Other loci include 1p1-1qgl, 1932, 2931, 3p22-p25, 9913-
022, 10g21-23 and 15q14.1#

Clinical features of DCM

The most common symptoms are dyspnoea, failure to thrive
and orthopnoea in older children. Physical examination will
reveal tachycardia, elevated jugular venous pulse (JVP), a
displaced apex beat with a gallop rhythm. There may be a
mitral or tricuspid valve regurgitation murmur if there is
significant atrioventricular valvar dilation or elevated left
ventricular end-diastolic pressure (LVEDP).

Hepatomegaly is common, although peripheral oedema is
rarely seen in children compared to adults. Chest radiograph
demonstrates cardiomegaly with increased pulmonary venous
congestion. Echocardiography is diagnostic with a dilated left
ventricle with depressed LV function.

Treatment of DCM

The mainstay of medical therapy includes diuretics, cardiac
glycosides and angiotensin, converting enzyme inhibitors
(afterload reduction), if tolerated. B-blockers (carvedilol, met-
oprolol) are increasingly used to support the failing myocardium
as they reduce myocardial wall stress and myocardial oxygen
consumption. Carvedilol is a particularly attractive agent as it has
[-blocker, a-blocker and vasodilating actions.”

Patients in cardiogenic shock may require inotropic support.
Dobutamine and milrinone (phosphodiesterase inhibitor) are
the most appropriate inotropic agents.** Adrenaline is associated
with poorer outcomes in adult patients with congestive heart
failure and probably results in further trauma to the cyto-
skeleton. Optimising pre-load and minimising afterload appear
to be the optimal means of supporting the myocardium.
Occasionally, patients on high inotropic support who continue
to demonstrate end-organ failure require support of the myo-
cardium using extra-corporeal membrane oxygenation (ECMO)
or ventricular assist devices.

Vatta et al have provided convincing evidence that resting the
myocardium results in dystrophin remodelling in patients with
DCM.* Transplantation may be the only alternative for survival,
particularly in high risk groups; children with LVEDP
>25mmHg, children presenting >2 years of age, decreased tissue
Doppler-imaging velocities and ventricular tachyarrhythmias
(VTs).22 The mean survival for children with DCM is 63-90% at
one year to 20-80% at five years.
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Figure 1.

Hypertrophic cardiomyopathy

HCM is a myocardial disease with a highly heterogeneous
phenotype and genotype that affects both children and adult
populations. Initially recognised by two French pathologists in
1867,% it fell to two British cardiologists, Brock and Teare, to
first describe this disorder in the late 1950s.2”2 Over the last
50 years, HCM has been well defined in terms of pathology,
pathophysiology, genetic aetiologies, diagnostic modalities,
treatment options and clinical outcomes.

HCM can be defined as a hypertrophied but non-dilated left
ventricle in the absence of another cardiac condition or
systemic disease (aortic stenosis, systemic hypertension,
athletic heart).> Some of the original descriptions emphasised
the presence of asymmetric septal hypertrophy; however, only
25% of patients demonstrated left ventricular outflow tract

(LVOT) obstruction, hence the preferred term is ‘hypertrophic
cardiomyopathy’, with or without obstruction.

There are several patterns of ventricular hypertrophy in
HCM. These may include asymmetric septal hypertrophy,
(primarily localised to the interventricular septum), concentric
left ventricular hypertrophy (LVH) (see Figure 1), posterior
wall hypertrophy or apical hypertrophic cardiomyopathy,
localised to the apex of the ventricle.

Apical HCM was originally recognised in Japan as producing
a spade-like deformity of the left ventricle on angiography
with giant negative T waves on ECG.* Of note, relatives with
the same underlying genetic mutation may actually manifest
different patterns of hypertrophy, one of the many counter-
intuitive features of this disease. Hypertrophy typically
develops through life and adolescence is most typically



associated with a significant increase in wall thickness (up to
33-250%, with a mean increase of 100%) in conjunction with
somatic growth.

As a consequence of asymmetric septal hypertrophy (ASH)
eddy currents are generated within the LVOT, which sucks the
mitral valve anterior leaflet into the LVOT, the characteristic
systolic anterior motion (SAM) of the mitral valve.®* In severe
cases, this may result in non-coaptation of the mitral valve and
mitral regurgitation.

Histological changes are characteristic of HCM and include
chaotic disarray in myocyte organisation.®? Even the myofibrils
within the myocyte may demonstrate total disarray. There is not
necessarily a relationship between the degree of myocyte disarray
and the degree of hypertrophy. Eventually, patchy fibrosis
develops between myocytes with an increase in intercellular
collagen matrix, perimysial coils and pericellular weaves.®* As a
consequence of the muscular hypertrophy, the coronary arteries
may be enveloped by muscle, with compression of the vessels
during cardiac systole (myocardial bridging).* There may also be
increased luminal and medial thickening of the vessels and small
vessel arteriopathy may ensue.

Clinical presentation of HCM
Clinical presentation may occur in childhood including
dyspnoea, angina and syncope. The occurrence of syncope with
exercise or exertion always warrants a very thorough cardiac
evaluation including ECG, echocardiogram and magnetic
resonance imaging (MRI) where necessary. Chest pain may be a
typical angina-like episode or may be atypical with a sharp or
aching quality outside the substernal area. The aetiology of chest
pain may be a manifestation of arteriolar abnormalities, bridging,
LVOT obstruction or increased myocardial oxygen demand,
given the increased muscle mass. SCD may be the first and last
symptom. This is typically in association with an arrhythmic
event, VT, ventricular fibrillation (VF) or torsades de pointes.
Identifying children at risk of this has been the focus of
much research in the last decade. The degree of outflow tract
obstruction and the presence of antecedent symptoms does
not predict the risk of SCD.* There are conflicting data in the
adult population whether septal thickness or maximal septal
thickness correlate with risk of SCD. What is more likely is the
presence of certain malevolent gene mutations which predict
risk of a lethal event.

Genetics of HCM

HCM typically has an autosomal-dominant mode of
inheritance.®® There have been multiple genes found to be
responsible for mutations within the sarcomere, which results
in HCM. The most common mutations include B-myosin
heavy chain, cardiac troponin T, troponin I, a-tropomyosin,
cardiac myosin binding protein C, essential and regulatory
myosin proteins and actin.?* Interestingly, certain mutations
are associated with malignant disease and early death such as

Arg403GIn, Arg453Cys and Arg719Trp, while Val606Met is
associated with a less malignant form of disease. Mutations
within cardiac troponin T are also associated with early death,
despite the fact that these patients may not manifest
significant ventricular hypertrophy.® Even though the
myocyte may not hypertrophy significantly, it can be even
more lethal. It is essential that siblings and children of
patients who die from HCM undergo evaluation including
genetic screening.

Pre-clinical diagnosis of the disease process is now essential.
What is frustrating, however, is the fact that certain patients
within the same family with the same mutation may manifest
minimal hypertrophy compared to other family members, but
have a higher risk of death. Needless to say, this results in
making management exceedingly difficult.

Other important causes of HCM in children include
Noonan’s syndrome, Fabrys disease and several metabolic
disorders including Pompe’s disease (acid maltase deficiency)
and glycogen storage disorders.* Differentiation of HCM from
athletic heart may prove problematic, although tissue Doppler
velocities are normal in athletic heart and deconditioning the
patient for several months should reveal physiologic
remodelling in the athlete.”

Diagnosis

Transthoracic echocardiography is the primary modality for
establishing the diagnosis. In adult patients, an inter-
ventricular septal thickness of 13mm is taken as diagnostic,
while in children the interventricular septal and left ventricle
posterior wall measurements should be indexed to BSA or Z-
scores derived for these variables. ECG may demonstrate LVH
with or without T wave changes. Holter monitoring should be
performed to rule out VT.

Therapies for HCM
Primarily, treatment should be medical in the majority of
patients. Since the 1960s, the mainstay of therapy has been -
blocker therapy to slow heart rate, augment diastolic filling
time, reduce LVOT obstruction and hence improve cardiac
stroke volume also. They have the additional benefit of
reducing myocardial oxygen consumption by reducing
myocardial wall stress, LV contractility and heart rate.

Calcium channel blockers (verapamil) have shown in short-
and long-term studies to improve symptoms and exercise
capacity in adults with HCM. They are used infrequently in
children and, although oral verapamil may be useful in this
population, intravenous verapamil is not used because of
reported cases of SCD. Diuretics should be avoided in all
patients with HCM in addition to inotropic agents such as
digitalis and afterload-reducing agents, which may exacerbate
LVOT obstruction.

SCD rarely occurs in children less than 10 years of age and
is often secondary to ventricular tachycardia/fibrillation



(VT/VF).®* HCM is the most common cause of SCD in the
young. This may occur after physical exercise when an
increase in heart rate may result in significant haemodynamic
compromise/decreased stroke volume from LVOT obstruction.
Risk factors for SCD in children have been reported to include
previous history of VT/VE family history of HCM-SCD,
recurrent syncope and myocardial bridging. The relationship
of ventricular hypertrophy to risk of SCD remains contentious.
Spirito et al reported a direct relation-ship between increased
septal thickness and risk of SCD.* This relationship was not
supported in a similarly designed study by Elliot et al.*®
Multiple repetitive non-sustained episodes of VT and hypo-
tensive blood pressure response in children may not be as
predictive. Tissue Doppler imaging velocities (transmitral E/Ea
septal velocity ratio) have been shown to demonstrate clinical
utility in predicting poor outcomes in childhood HCM.*

An artificial implantable cardiac defibrillator (AICD) is
indicated in patients with aborted cardiac arrest, VF, massive
LVH/ASH with symptoms or patients with multiple risk
factors.*” Repetitive unintentional defibrillation may oc-
casionally occur with these devices and provoke severe anxiety
in patients.

Surgical intervention is occasionally required for the alleviation
of severe LVOT obstruction, although this is now readily
achievable in catheterisation using ethanol septal ablation.* This
may result in complete heart block requiring a pacemaker, but
tissue Doppler studies have shown significant improvements in
LV diastolic relaxation following this procedure.

Restrictive cardiomyopathy

RCM is characterised by impaired diastolic relaxation,
abnormal ventricular compliance and elevated L and RV end-
diastolic pressures.® Although these latter indices can only be
quantified at cardiac catheterisation, echocardiography can
demonstrate particular transmitral inflow characteristics such
as an elevation in the E:A wave ratio and increased E wave
deceleration time (DT).

The findings in RCM are similar to constrictive pericarditis.
The ventricular volumes are decreased and, in association with
impaired relaxation, progressive enlargement of both atria
develops. Cardiac MRI allows assessment of the pericardial
thickness.

RCM is relatively rare in children. Recent evidence has
demonstrated a particularly poor prognosis once children
become symptomatic and certain institutions advocate early
transplantation, especially in the setting of acute abdominal or
thoracic pain, which is associated with SCD.®

Mutations within desmin and actin have been implicated in
the development of RCM.5-%2

Left ventricular non-compaction
cardiomyopathy
Non-compaction of the ventricular myocardium, also known as

left ventricular non-compaction (LVNC), represents an arrest in
the normal process of myocardial compaction, resulting in
persistence of multiple prominent ventricular trabeculations
and deep intertrabecular recesses (see Figure 2).%

Figure 2.

The disorder has only recently been recognised as a distinct
form of cardiomyopathy. It was previously termed ‘spongy
myocardium’, although this term has been abandoned as it
underscores the hypothesis that the basic morphogenetic
abnormality may be arrest of normal compaction of the loose
interwoven mesh of myocardial fibres in the embryo.

To date, LVNC has been reported in excess of 100 children.
It typically involves the left ventricle, although involvement of
the right ventricle has been reported.> Clinical presentations
include depressed systolic and diastolic function, systemic
embolism and the development of VTs both in adult and
paediatric populations.® Children with LVNC may manifest an
undulating phenotype with initial DCM, which progresses to
HCM. The medical management of LVNC depends upon the
clinical phenotype. To date, a small number of patients have
been identified with mutations in G4.5 (taffazin gene) and in
Cypher/ZASP, but in the majority of cases there is no identified
genetic locus.®*” A small number of patients may also manifest
Barth's syndrome, characterised by a dilated phenotype,
neutropaenia and elevated 3,5 methylgluconic aciduria.®

Arrhythmogenic right ventricular dysplasia
(ARVD)
ARVD deserves special mention as this is a highly lethal disease
and cause of SCD. There is a high prevalence of this disease in
the Italian population and it is characterised by RV regional wall
motion abnormalities, replacement of the right ventricular
outflow tract (RVOT) by fibro-fatty infiltration and dilation of the
right ventricle and atrium.® These findings are best delineated
using cardiac MRI using fat saturation sequences (see Figure 3).%
Familial occurrence is well recognised with an autosomal



dominant inheritance and genetic heterogeneity has been
established with linkage analysis identifying four specific loci on
chromosomes 14g23-g24 (ARVD 1), 1g42-g43 (ARVD 2),
14q12-922 (ARVD 3) and 2q32.1-932.3 (ARVD 4). The VT
associated with this disorder has a left bundle branch block
morphology, indicating its origin from the right ventricle.®

Figure 3.

Anthracycline-induced cardiomyopathy
Anthracyclines (doxorubicin and epirubicin) are well-
established agents in chemotherapy that have cardiac toxicity as
a side effect.® This is mediated via oxygen-free radicals. Once
the cumulative dose reaches >250mg/m?, there is a substantial
risk of cardiac dysfunction, which may occur many years after
the cessation of treatment. The administration of oxygen-free
radical scavengers (dexrazoxane) may reduce the risk of
cardiomyopathy and are undergoing clinical trials.®

Arrhythmia-induced cardiomyopathy
Intractable atrial or VTs may induce L and/or RV dysfunction.®
The most common tachycardia in this setting is atrial ectopic
tachycardia. It may be difficult to prove whether the
tachycardia or cardiomyopathy is the initial insult. Termination
of the arrhythmia and medical therapy with B-blockage,
afterload reduction and cardiac glycosides often results in
normalisation of the ventricular function.

Future directions

Transcatheter delivery of stem cells may enable regeneration of
myocytes and resolution of interstitial fibrosis in patients with
dilated and hypertrophic cardiomyopathy.®® The utility of
ventricular assist devices needs to be further evaluated and the
role of portable devices, which children can go home with
while awaiting transplantation, needs further advocacy and
development.®’

Gene therapy will undoubtedly have a major role to play in
restoring normal function to the misdirected myocyte once
effective vectors have been developed and gene transfer can
be achieved.
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