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Abstract
Pediatric cardiomyopathies, which are rare but serious disorders of the muscles of the heart, affect
at least one in every 100,000 children in the USA. Approximately 40% of children with
symptomatic cardiomyopathy undergo heart transplantation or die from cardiac complications
within 2 years. However, a significant number of children suffering from cardiomyopathy are
surviving into adulthood, making it an important chronic illness for both pediatric and adult
clinicians to understand. The natural history, risk factors, prevalence and incidence of this
pediatric condition were not fully understood before the 1990s. Questions regarding optimal
diagnostic, prognostic and treatment methods remain. Children require long-term follow-up into
adulthood in order to identify the factors associated with best clinical practice including diagnostic
approaches, as well as optimal treatment approaches. In this article, we comprehensively review
current research on various presentations of this disease, along with current knowledge about their
causes, treatments and clinical outcomes.
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Pediatric cardiomyopathies are disorders that affect the muscles of the heart. At any given
time point, they affect at least 100,000 children worldwide. In the USA, at least one in every
100,000 children under the age of 18 years receives a diagnosis of primary cardiomyopathy
[1]. The highest incidence is in children under 1 year of age. Morbidity and mortality of
these diseases are high, and they are the most common cause of a heart transplant in children
older than 1 year. Nearly 40% of children with a symptomatic cardiomyopathy either
undergo heart transplantation or die within 2 years [2]. As a chronic disease, pediatric
cardiomyopathy requires a comprehensive treatment approach and a multidisciplinary
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chronic disease program approach in order to improve health outcomes in a validated, cost-
effective manner [3]. The course of pediatric cardiomyopathy is often progressive. The
identification of risk factors helps define high-risk populations and leads to early diagnosis
and therapy, which may alter the disease course. Understanding the risk factors may also
lend to prevention of the disease through targeted strategies (Figure 1). In this review, we
summarize the current knowledge about these diseases and their causes and treatments in
children.

Dilated cardiomyopathy in childhood
Dilated cardiomyopathy (DCM) is a rare, but debilitating disease of the heart that can lead to
heart failure in both children and adults. One of several phenotypic classifications of
cardiomyopathy (the others being hypertrophic cardiomyopathy (HCM) or restrictive
cardiomyopathy (RCM), left ventricular (LV) noncompaction and arrhythmogenic right
ventricular dysplasia, as well as mixed phenotypic disease [e.g., dilated-hypertrophic
cardiomyopathy), DCM is usually progressive and is a leading indication for cardiac
transplantation in adults and children [4].

In the USA, the epidemiology of DCM shows that the annual incidence in children younger
than 18 years is approximately 0.57 cases per 100,000 person-years [5]. Race, sex, age, and
environmental and genetic factors influence the development and outcomes of the disease
[6]. African–American children have a higher incidence and worse outcomes compared with
white children in the USA. The incidence of DCM has been found to be higher than
expected in HIV-1-infected patients, who are one of the most rapidly growing groups with
acquired heart disease [7,8]. In addition, childhood cancer survivors tend to present with
early DCM that seems to progress to RCM after anthracycline or heart radiotherapy
treatments [9,10].

Effective treatment options for DCM in children are limited. Despite advances in the
medical management of pediatric heart failure, the ability to restore native cardiac function
in this population remains limited. Children are managed with protocols modeled on those
for treating adults, and there are few cause- or child-specific therapies.

For children with DCM, the prognosis is generally poor. Approximately 40% of children
undergo cardiac transplantation or die within 5 years of being diagnosed with DCM [2].
Cardiac transplantation in children is a successful treatment for end-stage heart failure, but it
does carry the burden of life-long immunosuppression and limited graft survival, as well as
the potential need for repeated heart transplantation procedures. Furthermore, the
availability of heart transplantation as a final treatment option for children with DCM is only
available in countries with advanced healthcare systems, which include transplant
capabilities.

DCM is primarily diagnosed using echocardiography or, more recently, cardiac magnetic
resonance (MR) imaging in symptomatic patients (e.g., unexplained heart failure) or via
screening studies in children who have a familial history of DCM, an inborn error of
metabolism, a neuromuscular disorder or a malformation syndrome associated with DCM
[5]. Some children with acute myocarditis may also progress to chronic DCM [5]. Systolic
dysfunction and progressive LV dilation are the hallmarks of DCM. Severity of LV dilation
at the time of listing for heart transplant is associated with the risk of death [11,12].
Echocardiography is the primary source of information for diagnosing and monitoring the
disease; for example, measures of systolic versus diastolic diameter (fractional shortening)
or volume (ejection fraction) are routinely collected to monitor LV systolic function.
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DCM is characterized by changes at molecular, cellular and interstitial levels following
apoptosis, death of cardiomyocytes or collagen deposition, which can have long-term
manifestations, such as dilatation of the LV, fibrosis, thinning of the interventricular septum
and posterior wall of the LV, and a change in shape such that the LV tends to become more
round with decreased contractility. These changes are described as ‘remodeling’ of the heart
[13]. Historically, the goal of medical treatment has been the improvement of symptoms.
Over the last two decades, the goal of treatment has not been limited to treating the
symptoms, but has focused on reversing this remodeling process that is linked to the
progression of heart failure. Follow-up of patients with heart failure secondary to DCM
focuses on the assessment of symptoms and response to medical treatment, assessment of
functional capacity and imaging study (echocardiogram and MRI) to assess the status of the
remodeling process. Similar to adult patients, the role of biomarkers such as N-terminal pro-
brain natriuretic peptide is gaining a more significant role in children and appears to be
helpful in assessing and monitoring heart failure patients [14].

A healthy heart typically becomes hypertrophic in response to ventricular dilation. By
contrast, progressive thinning of the LV wall is a classic characteristic of DCM. Thus, LV
posterior wall thickness is measured longitudinally to monitor this finding.

For children, echocardiographic values are usually normalized for age and body surface area
by expressing them as Z-scores or the number of standard deviations (SDs) above or below
the mean of a normal population. Values greater than two SDs (Z-scores greater than ±2) are
generally considered to be rare and may indicate abnormal cardiac structure and function
[15]. As DCM progresses, LV walls may thin over time, leading to a gradual reduction in
the LV posterior wall thickness Z-score. The North American Pediatric Cardiomyopathy
Registry (PCMR) has tracked several thousand children with various types of
cardiomyopathies over the past two decades [16]. Data from the PCMR show that children
with DCM most often present during the first year of life, a pattern reflecting the genetic
causes of clinical cardiac dysfunction. A smaller number presents during adolescence, often
showing rapidly progressive disease that leads to cardiac transplantation [5,17]. In children
with DCM, considerable differences have been reported in freedom from transplant and
survival by cause (Figure 2). Individuals with familial DCM had the best 5-year survival rate
at 94%, whereas those with neuromuscular disorders were found to have the worst long-term
outcome 5 years after diagnosis, with a 57% survival rate.

Regarding etiology, DCM is a phenotypic description of pathologic cardiac findings, the
causes of which are diverse and often unknown. The PCMR data show that even with
concerted diagnostic efforts, a causal diagnosis is not often established. Among 1400
children with DCM, 34% had a specific cause identified, 16% had acute or postmyocarditis,
9% had neuromuscular disorders (mainly Duchenne and Becker muscular dystrophies), 5%
had familial cardiomyopathy, 4% had inborn errors of metabolism and 1% had malformation
syndromes. The remaining 66% were classified as idiopathic disease. It is posited that most
of these idiopathic cases are genetic in etiology, but current studies supporting this proposal
are not definitive. Sex and inheritance patterns affected the incidence of some diagnoses; for
example, males have a higher incidence of DCM caused by X-linked genetic causes, such as
Duchenne muscular dystrophy. Children with Duchenne muscular dystrophy and DCM have
a different disease course and a higher mortality [18]. Children with other DCMs had a 5-
year survival rate of 71%, whereas the children with Duchenne and Becker muscular
dystrophy had a 59% 5-year survival rate (Figure 3). It was also found that 25% of children
with Becker muscular dystrophy underwent heart transplantation within 5 months of
diagnosis (Figure 4).
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At the time of diagnosis, 71% of children present with clinical signs of heart failure and
marked LV dysfunction [19]. Although some children present with acute and severely
decompensated disease, most are treated as outpatients with oral medications. One review of
the PCMR data found that only 16% of children with idiopathic disease were treated with
intravenous inotropic agents within a month of diagnosis [15].

With few exceptions, the medical treatment of heart failure aims to counter innate chronic
and maladaptive physiologic responses. Data from the adult literature support the routine use
of diuretics, angiotensin-converting-enzyme inhibitors, β-adrenergic blockers and
aldosterone antagonists for the long-term treatment of heart failure. Because the
pathophysiologic characteristics of heart failure in children are similar to those in adults,
therapies used in adults have been used to treat children, although with variable degrees of
success. One study found that there was a downregulation of β1- and β2-adrenergic receptors
in explanted hearts of children with idiopathic DCM, yet β-adrenergic receptor expression
was maintained in adults [20]. It is essential to understand pediatric heart failure adrenergic
adaptation in addition to complex inheritance patterns in order to determine the function and
importance of these pathways [21].

In DCM, children differ from adults in the causes, pharmacodynamics, expected duration of
treatment and therapeutic goals in terms of life expectancy and quality of life. In this regard,
routine medical therapy often does not improve cardiac function or life expectancy, and
cardiac transplantation then becomes the final option.

The prognosis of pediatric DCM depends on age at presentation and heart failure status.
Older age, worse LV fractional shortening and more advanced heart failure are associated
with worse outcomes [5,19]. Idiopathic DCM diagnosed after 6 years of age has an
incidence of death or transplantation that is three- to four-times that of children receiving a
diagnosis before the age of 6 years [17].

Preventing sudden cardiac death is an important goal in managing advanced heart failure. It
is relatively common in adults with heart failure, but a recent study of 1800 children with
DCM showed a 5-year sudden cardiac death risk of 2.4% [22]. The same study reported that
1-, 3- and 5-year cumulative incidence rates for non-sudden cardiac death were 8.1, 10.8 and
12.1%, respectively. The 1-, 3- and 5-year incidence for heart transplant was found to be 22,
27 and 29%, respectively (Figure 5). Internal cardiac defibrillator placement is
recommended for adults with severely decreased LV function. Echocardiographic
predictors, such as LV end-diastolic posterior wall thickness and LV end-diastolic
dimension, have been suggested to help stratify this risk in children and to help guide
internal cardiac defibrillator placement [22].

Cardiac transplantation remains the only and definitive treatment for children progressing to
end-stage heart failure. Results are generally good, with 1- and 5-year survival rates of 92
and 80%, respectively [23,24]. Larsen et al. found that at 12 months after listing for
transplantation, mortality was 26% in children with mechanical ventilation or circulatory
support, 16% in children on intravenous inotropic support and 9% in children with neither
(Figure 6) [23]. Increased LV end-diastolic dimension is associated with an increased risk of
transplantation – but not of death – in children with idiopathic DCM (Figure 7) [17]. In
addition, short stature is related to risk of death, but not to transplantation [17]. However, it
has been recently reported that children with myocarditis have better outcomes and similar
proportions of death and transplantation as children with DCM 3 years after presentation
(Figure 8) [25]. The frequency of death while waiting for transplant reached 11% in the
PCMR cohort (Figure 9) [26], emphasizing the importance of timing in the decision to list
for and receive a transplant. Among children who underwent transplantation, 1-, 3- and 5-
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year survival rates were 92, 80 and 72%, respectively (Figure 10A). Nonwhite race, older
age at transplant, worse pretransplant LV function and myocarditis are associated with a
higher risk of death after transplantation (Figure 10B & C). The 1- and 3-year survival rates
after transplantation of children with myocarditis were 83 and 65%, respectively, whereas
those without myocarditis had 93 and 88%, respectively (Figure 11A & B). Children who
were mechanically ventilated at listing for transplant experienced a lower survival rate. The
higher risk of death after transplantation for children with myocarditis may be the result of
residual infectious or immune effects from the primary disease, which are associated with
more frequent and severe rejection episodes [26].

HCM in childhood
From a diagnostic perspective, HCM is a heterogeneous group of disorders characterized by
“unexplained LV hypertrophy associated with nondilated ventricular chambers in the
absence of another cardiac or systemic disease that itself would be capable of producing the
magnitude of hypertrophy evident in a given patient” [27]. In children, ventricular
hypertrophy is considered clinically present when septal wall thickness is above at least two-
to three-times the age- and sex-adjusted SDs of the mean of a normative population.

Generally considered to be asymmetric, HCM affects multiple segments of the heart,
including the interventricular septum [28]. Histopathologic analysis shows increased early
myocardial apoptosis and the resulting fibrosis. A recent study reported that more histologic
disarray in cardiac biopsy specimens was associated with younger age at death, ventricular
arrhythmia and ischemia [29]. The HCM phenotype can be obstructive or nonobstructive,
which is an important distinction, because each phenotype requires different therapy. HCM
is associated with symptomatic heart failure, pain, arrhythmia and sudden cardiac death [30].
Heart failure as a presenting symptom in children with HCM is most likely in the first year
of life when mortality rates are highest [31].

Epidemiologically, the prevalence of HCM is estimated to be approximately 0.2%
worldwide [27]. As noted above, given the heterogeneity of HCM, understanding its cause
may yield important information, not only about prognosis, but also about which treatments
may offer the most promise. Sarcomere mutations, Noonan syndrome, inborn errors of
metabolism and other genetic syndromes are the most common known causes of HCM
(Figure 12), but as noted above, many cases in the PCMR are classified as idiopathic
[31,32].

In children with HCM who survive infancy, sudden cardiac death is a well-known
complication. The incidence of sudden cardiac death in children and adolescents is estimated
at up to 6.2 cases per 100,000 population [33–37]. Overall, 36% of cases of pediatric sudden
cardiac death are attributable to HCM compared with 3% in children with DCM [22]. Risk
factors for poorer outcomes include a diagnosis before 12 months of age, malformation
syndromes and certain inborn errors of metabolism (Figure 13) [29,31,38]. The probability
of death or heart transplantation 2 years after diagnosis of HCM increases when there are
multiple risk factors present at diagnosis compared with patients with none/one risk factor
[38]. Because sudden cardiac death in children is rare, data from adults are used to justify
secondary prevention techniques.

The common pathophysiology of the array of disorders termed HCM includes thickening of
the LV wall without dilation of the LV itself. The resulting impairment in cardiac output is
sometimes attributed to the septal wall physically obstructing LV outflow, but other
anatomic abnormalities have been implicated. Echocardiography can detect these anatomic
changes and is helpful not only in making the diagnosis, but in monitoring disease
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progression [39]. Furthermore, hemodynamic measurements taken during cardiac
catheterization show that the Valsalva maneuver increases the intraventricular gradient.

With impaired components of sarcomere function, a murine genetic study demonstrated that
preclinical pharmacotherapy may preclude or at least delay the need for invasive procedures
[32,40]. However, when associated with inborn errors of metabolism, pharmacotherapy
alone is often insufficient, leading to earlier consideration of transplantation. When Noonan
syndrome is compared with other causes of HCM, data from the PCMR show the average
age at the time of HCM diagnosis is 0.4 years as opposed to 8.0 years, which is associated
with poorer outcomes [41]. Patients with Noonan syndrome were also found to have a
higher mortality than those with other varieties of HCM (Figure 14A) [41]. Higher survival
rates were found in patients with LV fractional shortening Z-scores above 6.35 (Figure
14B). The presence of heart failure and HCM diagnosis prior to 6 months of age were found
to be independent predictors of death (Figure 14C). As is the case with inborn errors of
metabolism, in Noonan syndrome, more aggressive treatments, including transplantation,
may need to be considered earlier in the course of the disease.

In terms of overall survival, children with HCM have better overall and transplant-free
survival than patients with other types of cardiomyopathy (Figure 15) [42]. However, as in
other types of cardiomyopathy, therapy may need to be escalated rapidly as heart failure
worsens. Cardiac transplantation is beneficial, although it has complications, as previously
noted for children with DCM, and donor hearts are scarce.

Treatments for patients with HCM are diverse. In non-obstructive conditions,
pharmacotherapy may not be necessary. However, in symptomatic states, such as in
obstructive HCM, treatments include pharmacotherapy, sometimes implanting automatic
cardioverter–defibrillators, and rarely transplantation [27].

In those patients for whom medications are indicated, β-blockers and calcium channel
blockers may be beneficial. Both drugs prolong diastole and permit more LV filling, thus
decreasing LV outflow obstruction. β-blockers can prevent sudden cardiac death in
asymptomatic patients and have been associated with better survival rates [43,44]. While
calcium channel blockers are used in adults, verapamil may be associated with an increased
risk of death in children with advanced LV hypertrophy [45]. Disopyramide is sometimes
added to β-blockers and, in one retrospective study, reduced both symptoms and subaortic
gradients [45]. Septal myectomy may be considered in patients with suitable anatomy and
severe symptoms. In one retrospective case series of 25 patients, a trans-aortic septal
myectomy was safe, had minimal complications, improved survival and reduced LV outflow
tract gradients [46].

Data from adults indicate that automatic cardioverter–defibrillation offers secondary
prevention against sudden cardiac death, but there is little data or consensus in pediatric
patients [47,48]. Recent unexplained syncope was associated with an increased risk of
sudden cardiac death [49], but indications for internal cardioverter–defibrillator insertion as
both primary and secondary prophylaxis remain undefined [45].

Guidelines for screening family members of patients diagnosed with HCM have not been
established. Nonetheless, while the modality and frequency of screening remain uncertain, it
is common to review the medical histories of first-degree relatives and to assess their cardiac
structure and function when the patient receives the diagnosis [19,50]. In addition, although
the general population is not screened for HCM in the USA, ECG has a negative predictive
value greater than 99% [51]. The Bethesda guidelines advocate screening children before
participating in competitive athletics [52], although the details of how and when to screen
are debated.
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The prognosis for children with HCM is largely better than it is for children with other
forms of cardiomyopathy. In many children, HCM is asymptomatic and undiagnosed until
adulthood. Children with symptomatic HCM have relatively poorer survival, especially if
symptoms appear earlier in life.

RCM in childhood
RCM is the least common of the major pediatric cardiomyopathy phenotypes and has the
poorest prognosis. In the PCMR database, RCM only accounts for 4.5% of the cases.
However, this relatively small proportion of pediatric cardiomyopathy cases has a
disproportionately high morbidity and mortality. In a recent study of one of the largest
cohorts of children with RCM, Webber et al. found that 25% of the children with RCM in
the PCMR had a family history of cardiomyopathy [42]. Pathophysiologically, patients with
RCM have cardiac muscle disease, leading to diastolic dysfunction of either or both
ventricles, marked by decreased LV compliance and relaxation, with marked left atrial
enlargement [53]. Impairment occurs when most of the ventricle fills rapidly in early
diastole, permitting little to no increase in ventricular volume after the end of the early
filling period. This impairment in LV diastolic function increases the LV end-diastolic
pressure (LVEDP) and decreases cardiac output. The higher LVEDP results in pulmonary
artery hypertension and, subsequently, right-sided heart failure.

Regarding etiology, several systemic and myocardial diseases are associated with RCM [54–
56]. While idiopathic RCM is the most common form, it may also occur in patients with
amyloidosis, inborn errors of metabolism, sarcoidosis and scleroderma [57]. A linkage
analysis for selected sarcomere contractile protein genes identified troponin I (TNNI3) as the
gene most likely to be responsible for the development of RCM [58], suggesting that RCM
is part of the clinical expression of hereditary sarcomeric contractile protein disease.
Familial evaluation should be considered when RCM has been diagnosed in a family
member.

Angelini et al. suggested that RCM and HCM might represent two different phenotypes of
the same basic sarcomeric disease [59]. Myocyte disarray is indicative of HCM and has been
seen in patients with RCM [60]. In addition to the pure RCM phenotype, a mixed phenotype
has been recently reported in the PCMR database [42]. In this report, Webber et al. found
that survival did not differ between patients with pure RCM and those with mixed RCM and
HCM, although transplant-free survival was lower in the pure RCM group (Figure 16) [42].

Desmin-related myopathies are rare cardiac and skeletal muscle disorders [61–64]. Their
diagnosis requires identification of desmin deposits in biopsies of cardiac or skeletal muscle
through ultrastructural and immunohistochemical analyses. Mutations in the genes encoding
desmin and αB-crystallin cause desmin accumulation in the cytoplasm. One study links
RCM to mutations of the desmin gene [64], while other published cases describe RCM
associated with isolated cardiac accumulation of desmin [65]. While rare, desmin
accumulation may explain the occurrence of RCM and atrioventricular block in some
subpopulations [42].

Secondary RCM may occur due to systemic disease and can be broadly categorized as
infiltrative, iatrogenic and oncologic. Infiltrative RCM is seen in amyloidosis,
hemochromatosis and storage disorders. Deposits of amyloid in the heart can occur in some
diseases caused by mutations in the genes for transthyretin and apolipoprotein [66,67]. In
addition to impaired diastolic function in RCM, ventricular wall thickness is often increased,
with normal or slightly impaired systolic function [42]. An ECG may show low voltage in
the standard leads, and echocardiography reveals amyloid infiltration of the myocardium
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and valves. Depolarization abnormalities, nonspecific ST segment and T-wave
abnormalities, and pathologic Q-waves are sometimes seen on the ECG, and ventricular
hypertrophy can sometimes be diagnosed. A cardiac biopsy shows typical features of
amyloid deposits in the myocardium. In hemochromatosis, iron deposition occurs in the
myocardium and in multiple other organs. Hemochromatosis is an autosomal recessive
disorder and rarely develops as an isolated cardiac manifestation of RCM [66]. Anderson-
Fabry’s disease is an X-linked lysosomal storage disorder caused by mutations in the gene
for α-galactosidase A, which, in some patients, may also be associated with RCM.

RCM can also occur in hypereosinophilic syndromes and can be induced by exposure to
various drugs and parasitic infections. It also occurs in patients with systemic diseases
[66,67], including scleroderma and sarcoidosis. In addition, patients who have had chest
radiotherapy may sustain myocardial and endocardial injury, leading to fibrosis, which many
years later, cause RCM [68].

In the initial stages of the disease, some patients are asymptomatic at the time of
presentation. This is a particularly important challenge considering children with RCM are
at a higher risk of sudden death [42]. Symptoms such as failure to thrive and fatigue may
result in other patients seeking clinical attention. Other patients may present with
palpitations, syncope or arrhythmias. As the disease progresses, symptoms of decreased
cardiac output such as fatigue, dyspnea and exercise intolerance appear. Thromboembolic
events can occur in patients with dilated atria when thrombi form in the atrial appendage
[42,57,69].

Physical examination often reveals increased jugular venous distension, Kussmaul’s sign,
pulsus paradoxus, peripheral edema, liver enlargement, ascites and pleural effusion. An
audible third heart sound is often heard in RCM because of the abrupt cessation of
ventricular filling.

Differentiating RCM from constrictive cardiomyopathy is important because, although both
lead to diastolic dysfunction and abnormal ventricular filling, only patients with constrictive
cardiomyopathy may recover completely after removal of the pericardium.

Chest radiographs reveal enlarged atria and variable degrees of pulmonary congestion
without cardiomegaly. Echocardiography (Figure 17) shows a heart enlarged bilaterally,
impaired systolic function and mitral inflow Doppler velocities indicative of severe diastolic
dysfunction. The ratio of early diastolic filling to atrial filling is increased and the E
deceleration time and isovolumic relaxation time are decreased. Reversed hepatic venous
flow during inspiration indicates RCM. Recently, data from the PCMR revealed that
decreased LV fractional shortening and increased LV end-diastolic posterior wall thickness
are risk factors for poorer prognosis in those diagnosed with RCM. In addition, the extent of
posterior wall hypertrophy in children with a mixed HCM and RCM phenotype was found
to be a risk factor for both death and transplantation [42].

Computed tomography and cardiac MR can provide more information about pericardial
anatomy and may help differentiate the various types of cardiomyopathy from other
pathologies. A pericardium thicker than 4 mm suggests constrictive pericarditis and is
detectable with these imaging modalities. In addition to providing additional thoracic
information, differentiating RCM and constrictive pericarditis is one of the roles of these
modern technologies.

End-diastolic pressure is increased during cardiac catheterization and shows a characteristic
square root sign (Figure 18). This ‘dip and plateau’ sign reflects the rapid filling during early
diastole that is followed by a decrease in ventricular filling from the end of the first third of
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diastole onward [70,71]. Right ventricular end-diastolic pressure and LVEDP are elevated in
both ventricles; however, the LVEDP may be 5–7 mm/Hg higher than the right ventricular
end-diastolic pressure. The elevated diastolic pressure in the ventricles is preload and heart
rate dependent. Therefore, if the end-diastolic pressure were the same in both ventricles, a
fluid challenge would increase the LVEDP above the right ventricular end-diastolic pressure
in patients with RCM.

Plasma concentrations of brain natriuretic peptide are increased in many conditions where
ventricular dysfunction stretches the ventricular walls [72]. Some studies of patients with
RCM have reported increased brain natriuretic peptide concentrations and, in others, near-
normal concentrations [73–75].

Despite optimal medical treatment, RCM carries a poor prognosis. Between 66 and 100% of
patients die or undergo cardiac transplantation within a few years of diagnosis [42,76,77]. It
is apparent that children with RCM undergo transplantation at a larger proportion than
children with other types of cardiomyopathy. However, the decision to list RCM pediatric
patients for heart transplantation is mostly based on local pediatric heart center listing
philosophy. There are currently no widely accepted evidence-based criteria on decisions to
list children with RCM for heart transplantation. Findings from the PCMR suggest that the
current era’s aggressive approach to listing and early transplantation is associated with
improved survival of these children when compared with historical data [42]. In one study of
18 RCM patients, five died suddenly without signs of heart failure [77]. However, these
individuals did have angina and ECG evidence of ischemia. Autopsies of four hearts of
children who died suddenly revealed acute myocardial infarcts, subendocardial ischemic
necrosis and chronic ischemic scarring, despite normal-appearing coronary arteries [77].
Patients who present with ischemia, chest pain and syncope are at an increased risk of
sudden death, and Holter monitor evaluation every 6 months would be prudent. Placement
of implantable cardioverter–defibrillators may be considered in patients with ischemia and
ventricular arrhythmias while awaiting transplantation [77]. When comparing pure RCM
with a combined phenotype of RCM and HCM, the time from diagnosis to death or
transplantations is less for those with a pure RCM phenotype [42]. Two studies of adults
with a total of 113 patients have reported that 32–44% with RCM died from cardiovascular-
related causes within 5 years after diagnosis [78,79]. Patients with large atria and
tachyarrhythmias had evidence of embolic complications. Therefore, these findings suggest
that prophylactic anticoagulant therapy should be considered in all RCM patients with
enlarged atria, even before supraventricular tachycardia develops, and in one recent study,
43% of children with RCM had received some form of anticoagulation or antithrombotic
therapy [42].

Treatment of RCM should target the cause [67]. For instance, in patients with amyloidosis,
chemotherapy may be the proper treatment. In patients with risk factors for poor outcomes,
such as pulmonary congestion, heart failure, low fractional shortening, diagnosis before the
age of 2 years, thromboembolic events and increased pulmonary vascular resistance, and
more aggressive treatment strategies including transplantation, have been advocated
[42,54,57,80]. In most cases, however, no clear cause of RCM can be determined, thus
requiring individual-specific treatment. Antiarrhythmics and anticoagulants are sometimes
prescribed, but little evidence supports their use. Genotype testing has only just recently
become available, in addition to the pediatric cardiomyopathy blood and tissue repository. A
search for candidate gene mutations could potentially become a focus of future studies. An
understanding of the genetic manifestations of RCM could help characterize cellular and
molecular events leading to myocardial restriction in order to better identify targets for
therapeutic interventions.
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LV noncompaction in childhood
LV noncompaction, formerly known as spongy cardiomyopathy, is a recently classified
congenital cardiomyopathy that primarily involves the apical portion of the LV [53]. Once
thought to be rare, LV noncompaction probably comprises at least 9% of all childhood
cardiomyopathies [81–83]. Noncompaction is characterized by deep intertrabecular recesses
and the separation and thickening of the myocardium into two distinct compacted and
noncompacted layers [84]. Although the exact mechanism is not understood, LV
noncompaction may result from disrupted embryogenesis [85–87]. There are seven different
phenotypes of LV noncompaction, each with varying clinical outcomes. These phenotypes
include isolated LV noncompaction, isolated LV noncompaction with arrhythmias, a dilated
form of LV noncompaction, which mimics DCM, a hypertrophic form of LV
noncompaction, which mimics HCM, a mixed hypertrophic and dilated form of LV
noncompaction, a restrictive form of LV noncompaction and LV noncompaction with
congenital heart disease [88]. The mixed hypertrophic and dilated form of LV
noncompaction appears to have the worst prognosis.

The diagnosis of LV noncompaction is commonly made by echocardiogram [89]. Although
both ventricles can be affected by myocardial noncompaction, dysfunction is most often
isolated to the LV. In one retrospective study of 29 children with LV noncompaction, 22
(76%) experienced the disease only in the LV [90]. Noncompaction has often been
retrospectively identified in patients with a diagnosis of DCM [91]. This finding suggests
that the incidence and prevalence of LV noncompaction may be underestimated among
patients with heart failure.

The etiology of LV noncompaction is still an area of active study. LV noncompaction is
thought to result from the arrest of normal endomyocardial embryogenesis during weeks 5
and 8 [92,93]. Although the cause of this arrest is unknown, LV noncompaction has been
associated with other congenital heart defects. Zuckerman et al. found 13 out of 58 (22%)
patients with LV noncompaction had another form of congenital heart defect, most
commonly ventricular septal defects (seven out of 13), followed by secundum atrial septal
defects (three out of 13) [94]. Other abnormalities associated with LV noncompaction
include Ebstein’s anomaly, hypoplastic right ventricle and hypoplastic left heart syndrome
[81].

Metabolic, genetic, chromosomal, neuromuscular and mitochondrial diseases are also
associated with LV noncompaction [94,95]. Examples include Barth syndrome,
centronuclear myopathy, chromosomal deletions and Roifman syndrome [83]. Several
studies have also reported LV noncompaction in patients with dysmorphic features without
definitive diagnoses.

Several genes and related proteins have been associated with LV noncompaction, including
the G4.5 gene on chromosome Xq28 encoding tafazzins, the ZASP gene on chromosome
10q22 and the α-dystrobrevin gene on chromosomes 18q12 and 11p15 [95–98]. The
inheritance patterns include X-linked and autosomal dominant.

An inheritance pattern of 18–50% was found among first- or second-degree relatives [99].
However, this rate was determined on a group including asymptomatic patients screened
after the diagnosis was made in the index case [99]. In one study, 16 out of 22 LV
noncompaction patients (73%) reported a family history of cardiomyopathy or sudden death
[85].

Manifestations of LV noncompaction range from asymptomatic cardiac dysfunction, to
arrhythmia, to thromboembolism, to severe decompensated heart failure [100]. In turn,
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patterns of arrhythmia can range from atrial fibrillation to sustained ventricular tachycardia.
Abnormal ECG findings can be attributed to branch blocks and arrhythmias, although
arrhythmias rarely develop in children and are more common in adults [90,93,101,102].
Early reports of LV noncompaction described symptomatic children presenting with heart
failure accompanied by ventricular trabeculations, deep intertrabecular recesses and facial
dysmorphism [84,92,103].

The prognosis of children with LV noncompaction has been found to be evidenced by
chronic, progressive LV dysfunction. More recent studies have found that patients
asymptomatic at the time of diagnosis initially experience a prolonged clinical course
marked by gradual dysfunction of the LV. One study of 36 children found the course of
disease to be marked by periods of deterioration and recovery with survival into adulthood
[81]. Ichida et al. reported that patients with heart failure, arrhythmia or embolic events at
initial presentation had an accelerated disease course [104]. In addition, the majority of both
symptomatic and asymptomatic patients experienced ventricular dysfunction during more
than 10 years of follow-up.

Symptoms associated with impaired LV systolic function are the most frequent clinical
manifestations in children. Although the origin of systolic dysfunction is not fully
understood, subendocardial hypoperfusion and microcirculatory dysfunction are believed to
contribute to impaired ventricular function [92,102]. Subendocardial perfusion has been
identified in patients with LV noncompaction undergoing cardiac MR, PET and scintigraphy
with 201Tl [102,105]. An initial presentation that includes RCM has also been reported in
children [104]. Prominent trabeculae can cause abnormal relaxation and restrictive filling of
the ventricle, leading to diastolic dysfunction. Asynchrony between noncompacted and
compacted segments of the myocardium leads to global dysfunction of the LV. Successful
resynchronization therapy was been reported in one 3-year-old with LV noncompaction
[106].

Clinical manifestations at the time of diagnosis can include dyspnea, New York Heart
Association class III or IV heart failure, chest pain and chronic atrial fibrillation. Heart
failure is one of the more common symptomatic manifestations, secondary to sustained or
paroxysmal arrhythmias and thromboembolic episodes. Younger patients diagnosed
incidentally or by family referral have less severe LV diastolic dysfunction and a lower
prevalence of ECG abnormalities [107]. Consequently, these patients were more likely to be
stable during the first few years after diagnosis. More than likely, this is a form of lead-time
bias, as these differences may be attributed to identifying these younger individuals at an
earlier stage of disease [107]; for example, Murphy et al. found that familial enlargement of
the LV and asymptomatic LV noncompaction suggested prolonged silent gestation before
the clinical onset of the disease [91].

Treatment of LV noncompaction should be based on echocardiographic findings. Patients
presenting with systolic dysfunction can be treated with angiotensin-converting enzyme
inhibitors, such as enalapril, or β-blockers, such as carvedilol. β-blocker therapy with
propranolol or atenolol is appropriate treatment for patients with diastolic dysfunction [88].

Endocrinology & pediatric cardiomyopathy
Abnormal thyroid function can be associated with cardiomyopathy. Although
cardiomyopathy is not rare in adults with thyroid dysfunction, it is fortunately much less
common in children and adolescents in the absence of underlying heart disease. The PCMR
specifically excluded children with cardiomyopathy who also had endocrine issues known to
cause heart muscle disease, such as thyroid dysfunction [19].
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Cardiomyopathy in hyperthyroidism is thought to be secondary to either the direct toxic
effects of excess thyroid hormone, hyperdynamic stress caused by the thyroid hormone or
both [108]. Other cardiovascular manifestations are more common than cardiomyopathy,
including arrhythmias, such as sinus tachycardia, atrial fibrillation and atrial flutter,
decreased systemic vascular resistance, increased resting heart rate, increased LV
contractility, and increased blood volume leading to high cardiac output [109].

Thyrotoxicosis may cause reversible compensated functional cardiomyopathy [110] and the
severity of thyrotoxicosis may be a determining factor in its development. In addition, cases
of cardiomyopathy and cardiac failure in infants with neonatal thyrotoxicosis have been
reported [111]. Cardiomyopathy can also occur in patients with severe hypothyroidism,
especially if it is untreated for long periods, including central hypothyroidism in children
with hypopituitarism, which is usually associated with growth hormone (GH) deficiency
[112]. This cardiomyopathy may markedly improve with thyroxine treatment [113]. Both
hypothyroidism and cardiomyopathy may occur with other rare multiorgan syndromes, such
as Alström syndrome and Kearns–Sayre syndrome. Takotsubo cardiomyopathy, stress-
induced cardiomyopathy, has been reported with both severe hypothyroidism and thyroid
storm in adults [114].

GH therapy has had mixed results in adults with DCM. Multiple studies have reported
increased LV wall thickness and mass with treatment, but not all have found improved
cardiac function. However, few studies have tested GH treatment in children with
cardiomyopathy. McElhinney et al. found improvement in LV functional indices after 6
months of GH treatment in children with DCM [115]. Treatment increased LV wall
thickness in anthracycline-treated survivors of childhood cancer, but the effect was lost
when therapy was discontinued. In addition, the therapy did not affect progression to LV
dysfunction [116].

Other investigations of GH treatment have shown no effect. For example, treatment over 14
weeks with synthetic GH increased serum IGF1 concentrations, but did not affect the degree
of apoptosis or improve cardiac structure and function in 38 children with DCM [117].
Another study found that GH therapy worsened HCM [118]. Recombinant IGF1 has also
been used to treat cardiomyopathy, with limited benefit. Thus, the benefit of GH therapy on
cardiomyopathy has yet to be determined.

Diabetes mellitus (DM) is an increasingly common disease with extensive micro- and
macro-vascular complications. Diabetic cardiomyopathy refers to myocardial dysfunction
occurring in the absence of coronary artery disease or other primary cardiac abnormalities,
but nevertheless increases the risk of heart failure in a patient with diabetes [119]. The
condition is especially common in patients with Type 2 DM, a diagnosis that should prompt
early cardiac assessment, but it can also occur in patients with Type 1 DM.

Hyperglycemia is thought to be important in the development of cardiomyopathy by
increasing glucose oxidation that damages cells [120,121]. Von Bibra et al. and Grandi et al.
found that increasing insulin therapy to decrease glycated hemoglobin concentrations
improved the rate of peak LV diameter lengthening [122,123]. Another study of Type 1 DM
reported that the incidence of early precursors to diabetic cardiomyopathy, specifically
changes in myocardial relaxation, may be increased in teenaged girls. Although this study
found sex-related differences, BMI and glycated hemoglobin were not found to be predictors
of cardiac dysfunction in patients with diabetes [124]. Other studies have shown no sex bias
[125].
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In addition to echocardiography, other modalities can help in the early diagnosis of diabetic
cardiomyopathy by showing early diastolic dysfunction, even when traditional imaging
indicates normal cardiac function; for example, N-terminal pro-brain natriuretic peptide
concentrations are significantly higher in patients with diabetic cardiomyopathy than in
healthy controls [125]. Currently, there are no specific treatment guidelines, given the
scarcity of therapeutic studies on the early stages of diabetic cardiomyopathy, but it is
evident that early treatment may prevent or delay more severe cardiac dysfunction [119].
Early treatment should focus on reducing the effect of causative factors, including
hyperglycemia and subsequent metabolic disturbances [119]. New therapies under
investigation focus on the enhanced fibrosis and cardiomyocyte metabolism abnormalities
that lead to marked cardiac dysfunction [119].

Obesity-related cardiomyopathy is defined as myocardial disease caused by obesity in the
absence of other comorbidities, such as DM, hypertension and coronary artery disease [126].
Obesity is an independent risk factor for heart failure in adults. Individuals with a BMI
greater than 30 kg/m2 have a risk of heart failure that is twice that of lean individuals. Both
the duration and severity of obesity increase the probability of heart failure. A 1-kg/m2

change in BMI increases the risk of heart failure by 5% in men and 7% in women, and for
every year of severe obesity, the odds of heart failure increase by 1.5 [127].

In children and adolescents, obesity has been related to changes in heart structure, including
increased LV mass and LV hypertrophy as the heart adapts to high total blood volume and
low systemic arterial resistance. LV diastolic dysfunction has been reported in children 10–
18 years old who had a BMI greater than 25 kg/m2 [128]. Most recently, early LV regional
diastolic and systolic dysfunction was documented in severely obese adolescents. Such
changes may be related to dysfunction in subendocardial myofibers [129]. Fatty acid
storage, delivery and oxidation accelerate with obesity and insulin resistance, resulting in
myocardial dysfunction [130]. Echocardiography can detect the early changes of obesity-
related cardiomyopathy, mainly LV diastolic dysfunction. Other more sophisticated
echocardiographic studies, computed tomography and cardiac MR can provide additional
and valuable information, but are not currently used in asymptomatic patients.

Treatment is directed to weight control, starting at childhood. Strategies to improve nutrition
and exercise are the primary interventions to control weight. Bariatric surgery markedly
reduces weight and comorbidities in adolescents, and now has specific indications, which
must first be met prior to being deemed a surgical candidate. Pharmacotherapeutic options
for obesity are limited in adolescents [131].

Other endocrinopathies, such as Addison’s disease, type II autoimmune polyendocrine
syndrome and pheochromocytoma, may infrequently lead to DCM. Thus, children with
these conditions need to be made aware of their increased risk of cardiomyopathy with age.

Nephrology & pediatric cardiomyopathy
Uremic cardiomyopathy is a common complication in patients with chronic kidney disease
(CKD). Such patients are more likely to have cardiovascular disease (CVD). In fact, CVD is
a risk factor of progressive CKD as a result of a complex bidirectional relationship between
the heart and the kidneys, a relationship exemplified by the cardiorenal and renocardiac
syndromes [132]. Furthermore, CVD is the leading cause of morbidity and death in patients
with CKD and, conversely, CKD affects survival in patients with CVD [133]. The mortality
rate of patients with CKD receiving dialysis is approximately 20-times as high as that of the
general population, largely as a result of the CVD. In young adults with a childhood
diagnosis of CKD, the mortality rate from CVD is more than 100-times as great as that in
similarly aged people in the general population [134], and children on maintenance dialysis
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have a cardiac death rate that is 1000-times as high as that of the general population [135].
LV hypertrophy, which is present in up to 85% of children with advanced CKD and on
dialysis [136], can be detected in children during the earliest stages of CKD and tends to
progress with age [137]. Moreover, LV hypertrophy is a major cause of cardiovascular
morbidity and mortality in young adults treated with dialysis since childhood [138].

Both LV hypertrophy and elevated LV mass index have important prognostic value in
patients with advanced CKD because they often precede various adverse outcomes, such as
heart failure, cardiac ischemia, arrhythmias and cardiac death [139]. In older adults with
advanced CKD, arrhythmogenic heart disease related to coronary atherosclerosis is the
major underlying cause of sudden cardiac death. However, in children and adolescents with
advanced CKD, lethal arrhythmias are the leading cause of cardiac death [140]. These
arrhythmias may be facilitated by structural myocardial changes related to LV hypertrophy.
Such structural changes include fibrosis and cellular hypertrophy, in a manner analogous to
the pathogenic mechanisms of HCM in children and adolescents with intact renal function
[141]. In addition, several myocardial changes underlie LV hypertrophy in experimental
models of renal insufficiency and occur in patients with CKD. These changes include
cardiomyocyte hypertrophy, loss of cardiomyocytes (cardiomyocyte ‘drop out’), as
evidenced by a reduced number of myocytes per unit of myocardial volume [142],
thickening of intramyocardial arterioles and, eventually, a marked capillary deficit, causing
a mismatch between cardiomyocyte hypertrophy and capillary density [143].

Although LV hypertrophy in CKD was thought to be a response to increased LV preload or
afterload (LV wall stress), other load-independent factors have proved to be important in the
initiation and progression of LV hypertrophy in CKD [136,144]. Some of the causes
identified as nonclassical risk factors for cardiovascular mortality and LV hypertrophy in
CKD patients include disturbances of mineral metabolism, including hyperphosphatemia,
secondary hyperparathyroidism and vitamin D deficiency [145]. More recently, FGF-23, a
member of the FGF family of signaling proteins, has also been identified as another
mechanistic link in the development of LV hypertrophy in CKD [146,147].

Vitamin D
Vitamin D obtained either through dietary intake or by skin exposure to UVB radiation is
eventually converted by D-25-hydroxylase in the liver to 25-hydroxyvitamin D (25OHD;
calcidiol) and then to the active form, 1,25-dihydroxyvitamin D (1,25[OH]2D3; calcitriol),
by the kidneys’ proximal tubule 1α-hydroxylase [148]. Various cell types, such as vascular
smooth muscle cells, osteoblasts and endothelial cells, also express 1α-hydroxylase to form
1,25(OH)2D3 locally, which eventually binds to its cognate intracellular receptor, the
vitamin D receptor (VDR), which is responsible for the ultimate effects of activated vitamin
D on specific target genes [149]. The VDR is expressed in several organs, including
cardiomyocytes [150]. Thus, the heart is believed to be a vitamin D target organ. Low levels
of 25OHD and high prevalence rates of vitamin D insufficiency or deficiency are often
found in children at all stages of CKD [151].

Vitamin D insufficiency and deficiency, as defined by variable cut-off serum concentrations
of 25OHD, are associated with a higher relative risk for cardiovascular mortality in CKD
[152]. They are also associated with cardiomyopathy and cardiac death in children with
intact renal function [153], as well as in the general population [154]. By contrast, high
25OHD concentrations are associated with improved survival [155] and several studies
suggest that higher vitamin D intake or supplements reduce the risk of CVD [156,157].

In renal insufficiency, the decline in renal 1α-hydroxylase activity and the increased
catabolic rate of 1,25(OH)2D3 result in reduced circulating concentrations of 1,25(OH)2D3
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[158] that have also been associated with cardiovascular mortality [152]. The cardiovascular
mortality of patients on dialysis and those with progressive CKD predialysis can be reduced
by treatment with a VDR agonist, such as calcitriol or its less calcemic analog, paricalcitol
(19-nor-1,25[OH]2D2) [159,160]. Therapy with calcitriol is also associated with attenuation
of LV hypertrophy in patients on dialysis [161], and the analog paricalcitol suppresses
cardiac hypertrophy in animals with chronic renal insufficiency [162]. However, a recent
randomized trial did not confirm this finding in adults with CKD and LV hypertrophy [163].

Although the best known function of 1,25(OH)2D3 is to maintain calcium and phosphorus
homeostasis, and to promote bone mineralization, recent evidence indicates that the vitamin
D endocrine system is also critical in regulating blood pressure, volume homeostasis and
cardiac function, largely by modulating the renin–angiotensin system (RAS), a cascade that
profoundly affects the cardiovascular system [164–167]. Activated 1,25(OH)2D3 negatively
regulates RAS. In null mutant mice lacking the VDR [164] or 1α-hydroxylase [168], cardiac
hypertrophy develops and intracardiac renin concentrations increase. The ratio of
heart:weight to body:weight also increases, with marked cardiomyocyte hypertrophy.
Captopril improved cardiac hypertrophy in VDR-null mice and lowered markedly elevated
cardiac renin concentrations to nearly normal in the 1α-hydroxylase-mutant mice. The
cardiac hypertrophic phenotype was rescued by replacing 1,25(OH)2D3 [168].

Paricalcitol and 1,25(OH)2D3 can suppress renin gene transcription by binding to its cyclic
AMP response element [169,170], further explaining the ability of VDR activators to
attenuate RAS-mediated prohypertrophic processes [171]. In addition to renin, all other local
RAS components have been found in the kidney and in the heart [172]. Renin inhibition by
the vitamin D analog, paricalcitol, has provided a novel mechanism to suppress the
intrarenal RAS, attenuate renal dysfunction and improve histological damage in
experimental uremia [173]. The local cardiac RAS is critical to the development of cardiac
hypertrophy and, because all the components required for angiotensin II production are
present in the heart [174], blocking RAS with an angiotensin-converting-enzyme inhibitor
expectedly ameliorates the remodeling of the heart and arrests the development of LV
hypertrophy and heart failure in experimental models of uremia [143]. Paricalcitol also
ameliorates LV hypertrophy in uremic rats by upregulating the VDR, as well as by reducing
myocardial oxidative stress [162].

All RAS components have been systematically studied and are found in the myocardium of
animals with intact renal function. The above observations also suggest that VDR activator
therapy improves cardiac hypertrophy and overall cardiovascular mortality in CKD by
upregulating VDR expression and downregulating renin and other RAS components in the
myocardium. However, studies documenting specific upregulation of RAS components in
the myocardium of uremic animals have not been conducted.

Furthermore, the effects of therapy with a VDR activator, such as calcitriol or paricalcitol,
on the myocardial expression of RAS components in animal models of experimental uremia
and with cardiac hypertrophy remain largely unknown, and are the focus of ongoing
investigations.

FGF-23
FGF-23, a bone-derived phosphaturic hormone that also reduces the activity of the renal 1α-
hydroxylase and renal synthesis of 1,25(OH)2D3, is critical in maintaining mineral
homeostasis in early-stage CKD [175]. Its concentrations are universally elevated in adults
and young patients with advanced CKD [176,177]. In adults with CKD, elevated serum
FGF-23 concentrations are strong predictors of premature death [178] and are independently
associated with LV hypertrophy in adults on hemodialysis and on those not yet on dialysis
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[146,147,176]. However, until recently, these associations were recognized only in adults
whose exposure to the metabolic derangements and comorbidities of CKD associated with
cardiovascular death is longer than it is in children.

In a study of children with CKD, we found that elevated plasma FGF-23 concentrations
correlated significantly with LV mass index (p < 0.03) and were independently associated
with interventricular septal thickness Z-scores (p < 0.001) in patients on maintenance
hemodialysis [179]. Each one SD increase in log-transformed FGF-23 concentration was
associated with a 17% increase in LV mass index, corresponding to an increase of 6.78 g/
m2.7 (Figure 19). The mean (SD) LV mass index was 43 (13) g/m2.7, and 55% of 26 patients
had LV hypertrophy, as indicated by height- and age-adjusted values. A recent cross-
sectional study of 20 children with heart failure had similar findings. Children with heart
failure were found to have elevated FGF-23 concentrations. Additionally, high FGF-23
concentrations were correlated with greater LV end-diastolic diameter [180].

Although LV hypertrophy has been reported in up to 85% of children receiving dialysis
[137,181], the substantially lower prevalence of LV hypertrophy in our study (55%)
probably reflects the stricter definition of LV hypertrophy created by adjusting the LV mass
index for height and age [182], rather than to chronological age [183,184]. The prevalence
rate we found was similar to that reported recently in a large cohort of children receiving
chronic peritoneal dialysis and employing similar height-adjusted criteria [185]. We also
found that the only variables significantly associated with LV mass index were hypertension
and elevated FGF-23 concentrations. In addition, only FGF-23 concentrations were
correlated significantly with interventricular septal thickness, another marker of myocardial
hypertrophy [179]. Whether the markedly elevated FGF-23 concentrations in patients with
CKD could be cardiotoxic and eventually result in LV hypertrophy independently of other
factors remains debatable.

FGF receptor-1, one of the four FGF receptors that are members of the tyrosine kinase
superfamily, is expressed in cardiomyocytes [186,187]. However, under physiologic
conditions, FGF-23 has a low affinity for FGF receptor-1 and also requires prior activation
by the obligatory co-receptor Klotho, which is conspicuously absent in normal
cardiomyocytes. Nonetheless, the elevated FGF-23 concentrations seen in CKD and dialysis
patients could conceivably bind nonselectively to these receptors in the absence of Klotho,
subsequently inducing myocardial hypertrophy.

A recent series of elegant experiments found FGF-23-mediated development of LV
hypertrophy in wild-type mice receiving intramyocardial injections of FGF-23. This finding
established that FGF-23 exerts a direct hypertrophic effect on the heart rather than changes
in the circulating concentrations of other substances it regulates, which could potentially be
linked to the development of LV hypertrophy [188]. Furthermore, Klotho-deficient mice
with elevated FGF-23 concentrations had LV hypertrophy, showing that Klotho is not
essential for the development of cardiac hypertrophy. In addition, in uremic animals, the
administration of a pan-FGF receptor inhibitor markedly attenuated LV hypertrophy,
thereby indicating that the hypertrophic process is mediated by the FGF receptor [188].

In an experimental model of chronic renal insufficiency, FGF receptor-1 was upregulated in
myocardial tissue of uremic rats with cardiac hypertrophy [189], a model characterized by
universally elevated FGF-23 concentrations, indicating that, indeed, the FGF-23
prohypertrophic effect seems to be mediated by at least one of the four recognized FGF
receptors and is independent of Klotho.
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Whether other FGF receptors involved in cardiac hypertrophy, such as FGF receptor-4 or -3,
are capable of binding FGF-23 with high affinity under nonuremic conditions and without
the presence of Klotho remains unknown. Because hypertension is a predictor of LV
hypertrophy in patients on dialysis [185] and because blood pressure is also significantly
associated with the LV mass index [179], we cannot categorically support the notion that
FGF-23 constitutes the sole and independent cause of elevated LV mass index and LV
hypertrophy in these patients. However, the attenuating effects of the pan-FGF receptor
blocker on LV hypertrophy in the above study of uremic animals with elevated FGF-23
concentrations did not alter the severity of hypertension, providing evidence for an
important and blood pressure-independent role of FGF-23 in the development of LV
hypertrophy [188]. Other cardiovascular complications of CKD, such as coronary
calcification, have also been associated with elevated FGF-23 concentrations in both
children [190] and adults with CKD [191].

Vitamin D and FGF-23 may have opposing effects on the cardiovascular system, whereas
active vitamin D or its analogs improve LV hypertrophy in CKD patients and attenuate
cardiac hypertrophy in experimental models associated with uremia. FGF-23 is associated
with LV hypertrophy and seems to promote cardiac hypertrophy. In addition, vitamin D
administration may further elevate circulating FGF-23 [192]. The protective effects of
vitamin D on the renal and cardiovascular system appear to be mediated, at least in part,
through the suppression of renal and cardiac renin expression [167,173]. It is plausible that
VDR activators may be able to overcome the off-target adverse effects of FGF-23 on LV
hypertrophy by modulating the intracardiac RAS, as well as by exerting RAS-independent
antihypertrophic effects of direct VDR activation [193].

As the most frequent cardiac complication in CKD, LV hypertrophy is the result of multiple
abnormalities, including load-independent factors. Emerging evidence indicates that VDR
activators negatively regulate RAS, providing reno- and cardio-protective effects in
experimental uremia models, and in human CKD. In addition to its effects on vitamin D
metabolism, elevated concentrations of FGF-23 are associated with increased cardiovascular
morbidity and mortality, and appear to contribute directly to the initiation and progression of
LV hypertrophy in CKD. Nonetheless, additional studies are needed to identify the precise
molecular mechanisms underlying the effectiveness of VDR activators in preventing and
reversing LV hypertrophy in experimental models and in patients with CKD patients,
despite elevated FGF-23 concentrations.

Based on the above considerations, measurements of circulating 25OHD (calcidiol) and
FGF-23 levels is recommended in patients with all stages of CKD. Calcidiol levels should
be maintained >30 ng/ml with early supplemental vitamin D therapy and, with advancing
CKD, the use of VDR activators is usually required. Attempts to reduce elevated FGF-23
levels by restricting chronic dietary phosphate overload is desirable, but remains a clinical
challenge. The development of agents capable of selectively blocking the cardiotoxic effects
of FGF-23 while preserving its phosphaturic properties is much needed and promises to
more effectively impact the high prevalence of LVH in patients with CKD.

Nutritional status of children with cardiomyopathy
Medications or heart transplant may be the most direct way to improve cardiac function in
children with cardiomyopathy; ancillary therapies to improve nutritional status can also
improve quality of life and overall health. Chronic cardiomyopathy in children leads to an
imbalance of energy in which the added metabolic demands of the disease outpace the
child’s ability to consume adequate calories. Several other factors, often synergistic,
contribute to growth failure in children with cardiomyopathy. These factors include
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gastrointestinal malabsorption, low and suboptimal dietary intake of both macro- and micro-
nutrients, and psychosocial problems.

The delivery of adequate nutrition begins with early detection for those children at risk of
malnutrition. Both undernutrition (a BMI <10% for age and sex) and overnutrition (BMI
>95% for age and sex) are associated with poorer outcomes [194].

Macronutrients
Children with cardiomyopathy and heart failure should receive adequate calories to
compensate for their heart failure and provide for normal growth. Children in heart failure
often do not grow according to expected standards for age and sex, and poor growth may
either contribute to poor cardiac function or be a result of it [195–199]. Optimal caloric
intake is estimated to be 110–125% of the estimated energy requirement for age and sex
[195–200]. Caloric requirements are increased because of the additional metabolic demands
associated with routine activities of daily living in the context of heart failure. Intestinal
malabsorption of critical nutrients often results in gut edema in these children. Furthermore,
children with cardiomyopathy can be anorexic, possibly as a result of a proinflammatory
condition (cachexia) or because of delayed gastric emptying secondary to increased edema.
Providing optimal dietary macronutrition makes good clinical sense, but its importance in
developing or preventing LV hypertrophy or heart failure in children with cardiomyopathy
is less clear.

Micronutrients
Children with cardiomyopathy and heart failure may require greater-than-standard intakes of
certain micronutrients to optimize cardiac function [201,202]. Serum levels of
micronutrients may not necessarily reflect adequate tissue stores. The micronutrient, mineral
and other nutritional deficiencies discussed below can be associated with heart failure, and
treating these deficiencies may augment cardiac function as an ancillary intervention.
Children with cardiomyopathy and heart failure may require greater-than-standard intakes of
certain micronutrients to optimize cardiac function, although much of the current literature is
derived from adult studies [201,202].

Antioxidants
Free radicals are products of oxygen metabolism, and their rate of production is usually
equal to their metabolism under typical conditions in the human body. Production of free
radicals can increase when the body is under stress [203]. An excessive increase in reactive
oxygen species is linked to atherosclerosis, CVD, hypertension, ischemia/reperfusion injury,
DM and neurodegenerative and immunoinflammatory diseases [204]. Reactive oxygen
species are important in modulating vascular function, either by direct oxidative damage or
by activating cellular signaling pathways that lead to abnormal contractile, inflammatory,
proliferative or remodeling properties of the blood vessels [205]. Increased reactive oxygen
species can lower necessary antioxidant defenses. It is recommended that heart failure
patients should increase their antioxidant intake by consuming more fruits, vegetables and
grains [203]. Since antioxidants can benefit patients with heart failure, they presumably have
similar effects in patients with cardiomyopathy [201].

Vitamins A and E are antioxidants that can decrease oxidative stress. Short-term
interventions with diets rich in fruits and vegetables, which contain antioxidants such as
vitamins A and E, can improve coronary risk factors, and, therefore, probably reduce CVD
[204]. Carotenoids may be cardioprotective and this effect may extend to patients with
cardiomyopathy [206]. No specific dosing has been recommended to prevent heart disease
[206].
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Vitamin E levels are below normal among patients with heart failure [207]. Recent studies
have reported cardioprotective benefits of vitamins and trace elements, including vitamin E,
but the results have been inconsistent [208]. Large clinical studies have not found a benefit
of vitamin E in either the primary or secondary prevention of CVD [209]. The American
Heart Association does not support the use of vitamin E supplements to prevent CVD [204].
Other nutrients that may provide cardiovascular protection include folate, fiber and
potassium.

Selenium and zinc are important antioxidants that maintain cellular function [203,210]. Zinc
may protect against cardiomyopathy and coronary artery disease [210], while a deficiency of
zinc is associated with cardiomyocyte apoptosis [211]. Zinc and selenium deficiencies have
been associated with reversible cardiomyopathy when treated with supplementation in
patients with intestinal malabsorption secondary to gastric bypass surgery [211–214].
Although some studies show that heart failure is associated with lower selenium and zinc
concentrations [214], these concentrations were the same in patients with idiopathic DCM
and with ischemic cardiomyopathy [214]. The long-term use of the ketogenic diet in
children with refractory seizure disorders is a risk factor of selenium-associated
cardiomyopathy. Selenium supplements and the cessation of a ketogenic diet can reverse
this cardiomyopathy [215].

Amino acids & derivatives
Taurine is a semi-essential amino acid that helps to regulate the flow of calcium through
cells [216,217]. It is found in high concentrations in the heart and muscle, and is important
in ion movement, calcium handling, osmoregulation and cytoprotection. Taurine deficiency
has been associated with cardiomyopathy [218], cardiomyocyte atrophy and mitochondrial
and myofiber damage, as well as cardiac dysfunction. Studies on the effects of
supplementation in children are limited.

L-carnitine is an amino acid derivative that helps in transporting long-chain fatty acids from
the cytoplasm to the sites of β-oxidation within the mitochondrion [203,219]. L-carni-tine
deficiency can be caused by an autosomal recessive disorder and is associated with
cardiomyopathy, arrhythmias and fatigability in both children and adults [220]. In case
studies, DCM associated with primary carnitine deficiency improved rapidly with oral
carnitine supplementation [219,221]. L-carnitine is a potentially important nutrient for
children with cardiomyopathy, although its value remains to be determined.

Vitamin D & calcium
Vitamin D and calcium are important in bone homeostasis and the cardiovascular system.
Hypocalcemia is a rare and reversible cause of DCM [222,223], especially in areas of the
world where nutritional rickets is common [224]. Vitamin D deficiency is associated with
several cardiovascular-related diseases, including hypertension, coronary artery disease,
cardiomyopathy and diabetes, and is a strong overall predictor of all-cause death [153]. In
one study, vitamin D supplementation was also associated with improved survival [153].
Vitamin D deficiency is prevalent in children, with many children consuming less than 50%
of the recommended daily intake of calcium and vitamin D [203]. Nutritional intakes of
these nutrients should be monitored and optimized in children with cardiomyopathy.

The value of optimal nutrition and nutritional supplementation in children with
cardiomyopathy is not well studied. Specific nutrients, such as L-carnitine, can improve the
prognosis of children who are deficient in a particular nutrient, thereby optimizing heart
function with little to no risk to the child. However, more studies are needed to fully
understand the impact of nutrition on cardiac function in children with cardiomyopathy.
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Conclusion & future perspective
Cardiomyopathy is a rare, yet serious disorder of the heart that stands as a frequent cause of
heart failure and the most common cause of heart transplantation in children older than 1
year of age. Although there is a spectrum of disease types, the majority of children are
diagnosed with dilated cardiomyopathy or HCM. Both of these functional types are
associated with abnormal cardiac structure and function, and poor prognosis. The PCMR
remains one of the largest and most important cohorts in the study of pediatric
cardiomyopathy. Since the 1990s, it has helped refine the estimate of pediatric
cardiomyopathy incidence and outcomes, identify risk factors associated with pediatric
cardiomyopathy and provide a description of the care being provided to children with
cardiomyopathy. As follow-up of this aging cohort continues and is linked with data
gathered from stored blood and tissue specimens, our understanding of this chronic disease
will continue to improve. Advances in genomic characterization, such as genome-wide
analysis, should provide additional insights into the etiology and prognosis in children with
cardiomyopathy.
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Executive summary

Dilated cardiomyopathy in childhood

• One of several phenotypic classifications of cardiomyopathy, dilated
cardiomyopathy (DCM), is usually progressive and is a leading indication for
cardiac transplantation in adults and children.

• Approximately 40% of children undergo cardiac transplantation or die within 5
years of being diagnosed with DCM.

• Children with DCM differ from adults in the causes, pharmacodynamics,
expected duration of treatment and therapeutic goals in terms of life expectancy
and quality of life.

Hypertrophic cardiomyopathy in childhood

• Hypertrophic cardiomyopathy (HCM) is a heterogeneous group of disorders
characterized by left ventricular (LV) hypertrophy associated with nondilated
ventricular chambers.

• HCM is associated with symptomatic heart failure, pain, arrhythmia and sudden
cardiac death.

• Treatments for patients with HCM are diverse and range from no
pharmacotherapy at all to transplantation.

Restrictive cardiomyopathy in childhood

• Restrictive cardiomyopathy (RCM) is the least common of the
cardiomyopathies, has the poorest prognosis and, when not idiopathic in nature,
is associated with amyloidosis, inborn errors of metabolism, sarcoidosis,
scleroderma and other diseases.

• In the initial stages of the disease, some patients are asymptomatic at the time of
presentation. This is a particularly important challenge considering children with
RCM are at a higher risk of sudden death.

• Treatment of RCM should target the cause. In patients with risk factors for poor
outcomes, such as pulmonary congestion, heart failure, low LV fractional
shortening, diagnosis before the age of 2 years, thromboembolic events and
increased pulmonary vascular resistance, more aggressive treatment strategies,
including cardiac transplantation, have been advocated.

LV noncompaction in childhood

• LV noncompaction is a recently classified congenital cardiomyopathy that
primarily involves the apical portion of the LV.

• LV noncompaction is characterized by deep intertrabecular recesses and the
separation and thickening of the myocardium into two distinct compacted and
noncompacted layers.

• Manifestations of LV noncompaction range from asymptomatic cardiac
dysfunction, to arrhythmias, to thromboembolism, to severe decompensated
heart failure.

• Patients presenting with systolic dysfunction can be treated with angiotensin-
converting enzyme inhibitors, such as enalapril, or β-blockers, such as
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carvedilol. β-blocker therapy with propranolol or atenolol is appropriate
treatment for patients with diastolic dysfunction.

Endocrinology & pediatric cardiomyopathy

• Abnormal thyroid function can be associated with cardiomyopathy. Although
cardiomyopathy is not rare in adults with thyroid dysfunction, it is fortunately
much less common in children and adolescents in the absence of underlying
heart disease.

• Diabetes mellitus is an increasingly common disease with extensive micro- and
macro-vascular complications.

• In addition to echocardiography, other modalities, such as tissue Doppler
imaging and N-terminal pro-brain natriuretic peptide concentrations, can help in
the early diagnosis of diabetic cardiomyopathy.

• Currently, there are no specific treatment guidelines, given the scarcity of
therapeutic studies on the early stages of diabetic cardiomyopathy, but it is
evident that early treatment may prevent or delay more severe cardiac
dysfunction.

Nephrology & pediatric cardiomyopathy

• Uremic cardiomyopathy is a common complication in patients with chronic
kidney disease (CKD).

• Vitamin D insufficiency and deficiency, as defined by variable cut-off serum
concentrations of 25-hydroxyvitamin D, are associated with a higher relative
risk for cardiovascular mortality in CKD.

• Elevated concentrations of FGF-23 are associated with increased cardiovascular
morbidity and mortality, and appear to contribute directly to the initiation and
progression of LV hypertrophy in CKD.

Nutritional status of children with cardiomyopathy

• Ancillary therapies to improve nutritional status can also improve quality of life
and overall health.

• Children with cardiomyopathy and heart failure should receive adequate calories
to compensate for their heart failure and provide for normal growth, but may
require greater-than-standard intakes of certain micronutrients to optimize
cardiac function.

• Reactive oxygen species are important in modulating vascular function.
Vitamins A and E are antioxidants that can decrease oxidative stress.

Conclusion

• Cardiomyopathy is a rare, yet serious constellation of disorders of the heart that
stands as a frequent cause of heart failure and is the most common cause of
heart transplantation in children older than 1 year of age.

• Advances in genomic characterization, such as genome-wide analysis, should
provide additional insights into the etiology and prognosis in children with
cardiomyopathy.
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Figure 1. Stages in the course of pediatric ventricular dysfunction
Review of the stages in the course of pediatric ventricular dysfunction that can be followed
by echocardiographic measurements of left ventricular structure and function in conjunction
with cardiac biomarkers that have been validated as surrogates for clinically significant
cardiac end points. The identification of risk factors and high-risk populations for ventricular
dysfunction are highlighted where their use may lead to preventive or early therapeutic
strategies, while the determination of etiology may lead to etiology-specific therapies. Points
(1–5) indicate stage-related points of intervention for preventive and therapeutic strategies,
and where biomarkers and surrogate markers may be used. ? indicates that the role of
adrenergic status is unknown.
Reproduced with permission from [21].
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Figure 2. Freedom from death or transplantation for patients with pure dilated cardiomyopathy
DCM: Dilated cardiomyopathy; No.: Number.
Reproduced with permission from [5].
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Figure 3. Survival from time of diagnosis of cardiomyopathy, by diagnosis
BMD: Becker muscular dystrophy; DMD: Duchenne muscular dystrophy; ODCM: Other
dilated cardiomyopathy.
Reproduced with permission from [18].
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Figure 4. Freedom from transplantation after diagnosis of cardiomyopathy, by diagnosis
BMD: Becker muscular dystrophy; DMD: Duchenne muscular dystrophy; ODCM: Other
dilated cardiomyopathy.
Reproduced with permission from [18].
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Figure 5. Competing risk analysis: outcomes in children with dilated cardiomyopathy
Competing risk analysis for sudden cardiac death, nonsudden cardiac death, unknown cause
of death and cardiac transplantation among 1803 children with dilated cardiomyopathy listed
in the Pediatric Cardiomyopathy Registry. The 3-, 5- and 10-year cumulative incidence rates
(95% CI) of sudden cardiac death are estimated to be 2.0% (1.4–2.8%), 2.4% (1.7–3.4%)
and 2.7% (1.8–3.9%), respectively; of nonsudden cardiac death, 10.8% (9.3–12.4%), 12.1%
(10.4–13.9%) and 14.9% (12.6–17.3%), respectively; and of heart transplantation, 27% (25–
29%), 29% (27–32%) and 31% (28–34%), respectively. The rate of death of unknown cause
(95% CI) was 3.4% (2.6–4.5%), 4.0% (3.0–5.2%) and 5.2 (3.6–7.3%), respectively.
DCM: Dilated cardiomyopathy.
Reproduced with permission from [22].
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Figure 6. Survival after listing for heart transplantation among children with cardiomyopathy
by heart failure severity score
2: Children on mechanical ventilatory or circulatory support; 1: Children on intravenous
inotropic support without mechanical support; 0: Children on neither intravenous inotropic
nor mechanical support.
Reproduced with permission from [23].
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Figure 7. Competing risk estimates of death, cardiac transplantation and survival for children
with dilated cardiomyopathy
Caused by (A) idiopathic dilated cardiomyopathy (n = 1192), (B) neuromuscular disease (n
= 139), (C) familial isolated dilated cardiomyopathy (n = 79) and (D) myocarditis (n = 272).
Reproduced with permission from [17].
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Figure 8. Crude cumulative incidences of echocardiographic normalization, cardiac
transplantation and death among children with myocarditis (combined biopsy-confirmed
myocarditis and probable myocarditis groups), and abnormal function at presentation
(A) With or (B) without left ventricular end-diastolic dilation at diagnosis. The two groups
differed in the incidence of cardiac transplant (p = 0.02) and echocardiographic
normalization rates (p < 0.001), but not mortality (p = 0.45). Curves are truncated at 8 years.
Reproduced with permission from [25].
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Figure 9. Kaplan–Meier survival curve for the first 2 years after listing (censored at
transplantation) for children with dilated cardiomyopathy
n = 261; 26 deaths by 2 years after listing. Error bar represents 70% confidence limits.
Reproduced with permission from [26].
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Figure 10. Kaplan–Meier post-transplantation survival curve. (A)
Children with dilated cardiomyopathy (n = 209); (B) children <1, 1–10 and >10 years of age
at transplantation; and (C) nonwhite versus white children. Error bars represent 70%
confidence limits. Dashes are included where there is an insufficient sample size to continue
the Kaplan–Meier curves.
Reproduced with permission from [26].
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Figure 11. Kaplan–Meier post-transplant survival and freedom from rejection curves for
children with myocarditis versus no myocarditis
(A) Survival curves for children with the diagnosis of myocarditis versus no myocarditis (at
presentation). (B) Compares freedom from rejection death after transplantation for children
with the diagnosis of myocarditis versus no myocarditis. Error bars represent 70%
confidence limits. Dashes are included where there is an insufficient sample size to continue
the Kaplan–Meier curves.
Myo: Myocarditis.
Reproduced with permission from [26].
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Figure 12. Primary causes of 61 cases of hypertrophic cardiomyopathy and 77 cases of dilated
cardiomyopathy in patients diagnosed from 1996 to 1999
The primary causes of the remaining 135 cases of hypertrophic cardiomyopathy and 162
cases of dilated cardiomyopathy were unknown at diagnosis.
Reproduced with permission from [2].
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Figure 13. Survival rates for the end points of death and death or transplant for children with
hypertrophic cardiomyopathy
Survival rates from diagnosis of cardiomyopathy to (A) death (log-rank p < 0.001) and (B)
death or transplantation (log-rank p < 0.001) in the combined prospective and retrospective
cohorts (n = 855) by age at diagnosis (<1, 1 to <6, 6 to <12, and 12 to <18 years).
Reproduced with permission from [31].
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Figure 14. Survival rates for children with hypertrophic cardiomyopathy with and without
Noonan syndrome, and by risk factors at diagnosis for those with Noonan syndrome
(A) Estimated survival since diagnosis of HCM in children with (n = 74) and without (n =
792) NS; log-rank p = 0.03. The size of the risk set is shown below the x-axis. (B) Survival
by left ventricular FS Z-score in children with NS and HCM. Estimated survival since
diagnosis of HCM in 48 children with NS by LV FS Z-score at the time of HCM diagnosis
(<6.35 vs ≥6.35 to where 6.35 is the median). Log-rank p = 0.02. The 5-year survival is 59%
for children with a Z-score <6.35 and 90% for children with a Z-score ≥6.35. The size of the
risk set is shown below the x-axis. (C) Survival by age and CHF in children with NS and
HCM. Estimated survival since diagnosis of HCM in 74 children with NS by age and CHF
status at the time of HCM diagnosis (log-rank p < 0.001). The size of the risk set is shown
below the x-axis. The subgroup of three cases with CHF who were diagnosed at age ≥6
months is not shown (one known to survive 5.5 months postdiagnosis and two were not seen
after diagnosis).
CHF: Congestive heart failure; CM: Cardiomyopathy; FS: Fractional shortening of left
ventricle; HCM: Hypertrophic cardiomyopathy; NS: Noonan syndrome.
Reproduced with permission from [41].
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Figure 15. Probability of freedom from death (censored at transplantation) among 3375 children
diagnosed with cardiomyopathy in the Pediatric Cardiomyopathy Registry, stratified by type of
cardiomyopathy
CM: Cardiomyopathy; DCM: Dilated cardiomyopathy; HCM: Hypertrophic
cardiomyopathy; RCM: Restrictive cardiomyopathy.
Reproduced with permission from [42].
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Figure 16. Survival curves for children with pure restrictive cardiomyopathy compared with
those with a mixed restrictive and hypertrophic cardiomyopathy phenotype
(A) Probability of freedom from death (censored at transplantation), (B) transplantation and
(C) death or transplantation among 152 children with RCM stratified by phenotype (pure
RCM vs mixed/overlapping phenotype RCM/HCM).
CM: Cardiomyopathy; HCM: Hypertrophic cardiomyopathy; RCM: Restrictive
cardiomyopathy.
Reproduced with permission from [42].
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Figure 17. Characteristics of the normal heart and the three main types of cardiomyopathy
AO: Aorta; LA: Left atrium; LV: Left ventricle.
Reproduced with permission from [225].
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Figure 18. Equalization of right ventricular and left ventricular end-diastolic pressures with a
‘dip and plateau’ pattern
ECG was recorded at a chart speed of 50 mm/s.
LV: Left ventricular; RV: Right ventricular.
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Figure 19. Correlations between plasma FGF-23 levels and echocardiographic measurement of
cardiac hypertrophy
(A) LVMI and (B) Z-score of interventricular septal thickness correlated positively with log-
transformed FGF-23 levels measured with C-terminal assay. Dashed lines represent 95%
CIs.
LVMI: Left ventricular mass index; RU: Relative units.
Reproduced with permission from [179].
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