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Chapter 1
Introduction


1.1. Preamble


This document has been produced to bring together current advice on the evaluation and management of pediatric heart failure. It builds on the previous International Society of Heart and Lung Transplantation (ISHLT) guidelines published in 20041. The recently published 2013 ACCF/AHA Guideline for the Management of Heart Failure2 focused on the adult population; this document addresses children while recognizing the influence of adult heart failure practice on pediatric patients. It is intended to be a practical guide and provide evidence-based guidelines where possible. It summarizes and evaluates current management strategies with the intention of informing all health professionals involved in the management of children with heart failure of best practice. We recognize however that individual patient care and management is the responsibility of the health care team.


1.2. Writing Committee & Editorial Process


This ISHLT document has been endorsed by the governing bodies of the Association for European Pediatric and Congenital Cardiology (AEPC) and the Pediatric and Congenital Electrophysiology Society (PACES). The writing group was chosen from the membership of these three societies across healthcare disciplines to achieve representation of heart failure practice throughout the world. Each Chapter was chaired by international experts in the field and the sections drawn together and finalized by the editors.


1.3. Methodology and Evidence Review


A comprehensive review of the available published evidence for heart failure management was undertaken. Where evidence in the pediatric literature was lacking parallels were drawn from the adult literature. The strength and level of evidence was assessed according to standard practice as outlined in Tables 1 & 23.


Table 1: Class of Recommendations






	Class

	Definition






	I

	
Evidence and or general agreement that a given procedure of treatment is beneficial, useful or effective.






	II

	
Conflicting evidence and/or divergence of opinion that a given procedure or treatment is beneficial, useful or effective.
Ila weight of evidence is in favor of usefulness
llb weight of evidence is less well established







	III

	Evidence or weight of opinion that a treatment may be ineffective or potentially harmful







Table 2: Level of Evidence (LOE)






	Class

	Definition






	A

	Data obtained from multiple randomized trials or meta-analyses






	B

	Data derived from a single randomized study or large non-randomized studies






	C

	Expert consensus opinion, small retrospective studies or registry data







1.4. Document Review and Approval


The final recommendations were achieved by consensus with the chapter editors and contributors. External review was undertaken by international experts invited from adult advanced heart failure, pediatric cardiology and congenital cardiovascular surgery who reviewed the final guidelines and recommendations in their entirety. This finalized document was reviewed and approved by the ISHLT Standards & Guidelines Committee and the Board, the AEPC and the PACES Executive Committee (for the relevant sections of Chapters 5 and 8).


1.5. Conflict of Interest & Financial Support


External review was undertaken by international experts invited from adult advanced heart failure, pediatric cardiology, and congenital cardiovascular surgery; the final guidelines and recommendations were reviewed in their entirety.


Chairs: Richard Kirk, Anne I. Dipchand, David Rosenthal


Contributor: Rakesh K. Singh
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Chapter 2
Definition of Heart Failure


Richard Kirk, Anne I. Dipchand, David N. Rosenthal


Heart failure In children Is a clinical and pathophysiological syndrome that results from ventricular dysfunction, volume or pressure overload, either alone or In combination. It leads to characteristic signs and symptoms such as poor growth, feeding difficulties, respiratory distress, exercise Intolerance and fatigue and is associated with circulatory, neurohormonal, and molecular abnormalities1. Heart failure has numerous etiologies that are a consequence of cardiac and non-cardiac disorders, either congenital or acquired.


2.1. Heart Failure Severity


Heart failure has been classified to describe the severity of symptoms. The two most common heart failure classifications used in pediatrics are the New York Heart Association (NYHA)2 and the Ross classification3. Both have four classes of heart failure (Table 1). The NYHA classification is most commonly used to quantify the degree of functional limitation imposed by heart failure In adults and may be useful In adolescents2. The Ross classification3 is more applicable In infants and young children. The use of the Ross classification was validated by two prospective studies that used physiologic measures (including plasma levels of norepinephrine and peripheral lymphocytic beta-adrenergic receptor density) of heart failure4,5.


Table 1: Heart Failure Severity Classification






	Class

	NYHA

	Ross






	I

	No limitations of physical activity

	No limitations or symptoms






	II

	May experience fatigue, palpitations, dyspnea, or angina during moderate exercise but not during rest

	Mild tachypnea or diaphoresis with feeding






	III

	Symptoms with minimal exertion that interfere with normal daily activity

	Infants with growth failure and marked tachypnea or diaphoresis with feedings, older children with marked dyspnea on exertion






	IV

	Unable to carry out any physical activity as they typically have symptoms of heart failure at rest that worsens with any exertion

	Symptoms at rest such as tachypnea, retractions, grunting, or diaphoresis







2.2. Disease Staging


A task force representing the American College of Cardiology and the American Heart Association developed a staging system (stages A to D)to describe the development and progression of the heart failure In adults6. These stages have been modified (Table 2) for infants and children by the International Society of Heart and Lung Transplantation (ISHLT)7.


Table 2: Disease Staging for Infants and Children with Heart Failure






	Class

	Description

	Examples






	A

	At an increased risk of developing heart failure but with normal cardiac function and chamber size

	Exposure to cardiotoxic agents, family history of heritable cardiomyopathy, and single ventricle anatomy






	B

	Abnormal cardiac morphology or function with no past or current symptoms of heart failure

	Aortic regurgitation with left ventricular dilation, history of anthracycline exposure with left ventricular dysfunction






	C

	Past or current heart failure symptoms and structural or functional heart disease

	Cardiomyopathy or congenital heart disease patients with symptomatic systolic ventricular dysfunction






	D

	Marked symptoms at rest despite maximal medical management

	Requiring specialized interventions e.g.continuous infusion of inotropic agents mechanical circulatory support, heart transplantation or hospice care







Heart failure follows a variable course – exacerbations and remissions are common. Documentation of the severity and stage of the disease enables a more precise picture of the clinical course to be established and provides a common framework for audit and research.


RECOMMENDATION




Class I


The documentation of heart failure severity and when appropriate, staging facilitates monitoring of disease progression and patient management.


Level of Evidence C
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Chapter 3
Epidemiology, Natural History and Prognosis of Heart Failure


Chairs: Richard Kirk and Linda Addonizio


Contributors: Kirk Kanter, Jacqueline Lamour, F. Bennett Pearce


3.1. Introduction


The incidence and timing of presentation of heart failure in children is etiology and age specific. Heart failure can result not only from myocardial disease but structural cardiac problems. There are no reliable published data on the overall prevalence or incidence of heart failure in children. Hsu and Pearson, by extrapolating from several studies from the United States, Europe and Australia, concluded that 12,000 to 35,000 children have heart failure caused by either congenital heart disease or cardiomyopathy in the United States (US)1. This would indicate a prevalence of between 164-480 per million children. Rosenthal et al compared the epidemiology of heart failure in the pediatric and adult populations in a cross-sectional study using two large inpatient datasets2. The data covered 1.9 million pediatric and 7.1 million adult discharges in 1997 in the US. Of the 5610 children less than 18 years with heart failure, 57% were infants (less than one year age) with heart failure as their primary or secondary diagnosis. They found a striking difference in the numbers of children having congenital heart disease or cardiac surgery as a causative or contributing factor for heart failure compared to the adult population (61% vs 1%). Congenital heart disease was much more common (82%) in the infant heart failure group. This concurs with two single center reports from Germany3 and Belgium4. Therefore, in order to understand the variability in heart failure presentation and prognosis in the pediatric population, the following discussion will focus separately on children with and without structural heart disease.


3.2. Heart Failure with Cardiomyopathy


Over the last fifteen years there have been four population-based analyses of pediatric cardiomyopathy and heart failure in distinct regions of the world. The first in 1997 was a nationwide retrospective study in Finland to determine the incidence and age distribution of idiopathic cardiomyopathy5. The medical records of all children (age < 20 years) with all forms of cardiomyopathy presenting to any of the hospitals in Finland were identified including cases identified by autopsy. Over an 11 year period, 118 cases of idiopathic cardiomyopathy were identified. The overall annual incidence was 0.65/100,000 which rose to 0.74/100,000 if autopsy cases were included. The prevalence was 6.1/100,000 children. When analyzed by type of cardiomyopathy, the incidence of dilated cardiomyopathy (DCM) was 0.34/100,000 and hypertrophic cardiomyopathy (HCM) was 0.24/100,000. In DCM the highest incidence was in infants (3.8/100 live births/year), whereas in HCM occurrence increased slightly with age.


The Pediatric Cardiomyopathy Registry (PCMR) collected data prospectively on patients with newly diagnosed cardiomyopathy in two distinct regions in the United States: the Northeast and Central South West6. Patients less than 18 years at diagnosis with echocardiographic, autopsy or other clinical evidence were included. Exclusion criteria included: congenital heart disease, endocrine disease, chronic arrhythmia, pulmonary parenchymal disease or vascular disease, immunological disease, chemotherapy induced and drug use known to cause hypertrophy. Between the years 1996 to 1999, 467 patients with cardiomyopathy were identified. The overall annual incidence was 1.13/100,000 children. This incidence is higher than reported in the Finland study perhaps because Finland only included cases of idiopathic cardiomyopathy, but there may be differences in the underlying populations as well. In the US the incidence was higher in the Northeast than the Central South West6. The incidence of DCM was 0.47/100,000 and HCM was 0.58/100,000. The incidence was nearly 12 times higher among infants than among children greater than 1 year (8.34 vs 0.70/100,000). The annual incidence was lower among white children than black children and lower in girls than boys. Further analysis from this Registry including more recent years from 1996 to 2002 found the incidence of pure DCM to be 0.57/100,000. The incidence remained greater in boys than girls, blacks than whites and children less than 1 year of age. The median age at diagnosis was 1.5 years, which is similar to the Finnish cohort7. In the PCMR cohort, congestive heart failure was present at diagnosis in 71% of the DCM patients. Although the prevalence did vary by etiology, all had severely decreased LV function. In contrast only 13% of the HCM patients had heart failure at diagnosis8.


A retrospective population based study in Australia (National Australian Childhood Cardiomyopathy Study - NACCS) including all primary cardiomyopathies with similar exclusion criteria to the US population study was published contemporaneously with the PCMR data9. The time period included the years 1987 to 1996 and all children were less than 10 years of age. There were 314 patients identified with an overall incidence of 1.24/100,000 children less than 10 years, similar to the US incidence of cardiomyopathy. The incidence of DCM was 0.73/100,000 and HCM was 0.32/100,000. They also found similar age and racial differences and that cardiomyopathy was highest among infants (7.84/100,000). DCM was higher in indigenous children than nonindigenous children (1.52 v 0.57/100,000).


The most recent prospective, population based study in the United Kingdom (UK) and Ireland described the incidence of new onset heart failure in children less than 16 years with heart muscle disease10. All 17 pediatric cardiac centers in the UK and Ireland participated. Unlike the prospective US study that included asymptomatic children with cardiomyopathy, all children in this analysis had heart failure and thus this cohort was probably more reflective of the true incidence of heart failure at presentation. Additionally they were followed for at least 1 year. There were 104 children Identified. Over half of the children had DCM and a quarter had probable myocarditis. The Incidence of new-onset heart failure overall was 0.87/100,000 children (0.76/100,000 for DCM only), the median age at presentation one year and 82% were In New York Heart Association (NYHA) class III and IV.


Comparison between these studies Is complicated by a number of factors, including the differing age ranges, diagnostic entry criteria and diagnostic classifications of the study populations. However, there are common themes. In all studies there was a much higher incidence not only of cardiomyopathy but heart failure In the children less than 1 year of age. Almost all studies had a median age of 1 year at time of diagnosis. In the PCMR prospective study 83% of children with DCM were treated for heart failure. This was comparable to the Australian report in which 90% of children with DCM presented with heart failure6,9. The UK and Ireland study did not include HCM In their subset, but the Incidence of heart failure from HCM In the PCMR and Australian studies was substantially less than In DCM ranging from 8 – 20%9,11. Children with cardiomyopathies or congenital heart disease who present in heart failure have a greater than 20-fold Increase in risk of hospital mortality compared to patients without heart failure12. While the overall hospital mortality is approximately 7%, the presence of comorbidities such as sepsis, renal failure, or stroke In the setting of heart failure Increases the mortality rate up to 35%12.


3.2.1 Dilated cardiomyopathy


The natural history and prognosis of children with cardiomyopathy Is influenced by the type and cause of cardiomyopathy and also by treatments that have been Increasingly available over the last 20 years. In the more recent analyses the emphasis on death alone as an endpoint has diminished because the use of heart transplantation has altered the natural history of the disease. Current outcomes and discussions now focus on the combined endpoint of freedom from transplantation and/or death. In the PCMR cohort of "pure" DCM patients, the 1 and 5 year freedom from death or heart transplant was 69% and 54% respectively8. Recent PCMR data showed significant variation in the composite end point of death or transplantation by etiology - familial DCM 94% at 5 years and neuromuscular disorders 57% at 5 years7. There is not a significant era effect when the combined endpoint of freedom from transplantation and/or death is analyzed.


In the study by Tsirka in 200413 the actuarial freedom from death or transplantation was 70% at one year and 58% at five years In this study, which is similar to the recent PCMR report. However, the overall actuarial one-year and five-year survival was 90% and 83% respectively when only death was considered13. Therefore, in the last 2 decades, survival with DCM has Improved.


Data from both North America and the UK suggests this improvement is largely due to both availability of mechanical ventricular assist devices to bridge children to transplant or recovery and improved outcomes in heart transplantation14. The Pediatric Heart Transplant Study (PHTS) showed an increased use of ventricular assist devices over the last 2 decades with a successful bridge to transplant in 86% in the most recent era 2000- 0315. In the UK, two cohorts grouped by era, 1992-99 and 2000-03, showed a reduction in hospital mortality of listed patients from 37 to 11%. This improvement was attributed to the more aggressive use of mechanical cardiac assistance and a change in their listing strategy for transplantation16.


Identification of predictors for adverse outcome versus recovery of function in the diverse DCM population is critically important. In a systematic review of outcome predictors in 32 relevant articles published from 1976-2006, Alvarez et al17 identified 3 factors that indicated a better prognosis. They included younger age at diagnosis, higher left ventricular fractional shortening and a family history of cardiomyopathy. The PCMR and NACCS reports also show that older age (more than 5- 6 years) was associated with a higher incidence of death or transplantation7,9. The large population based study in the UK and Ireland also demonstrated older age predicts a worse outcome10. In the multicenter analysis by Tsirka, however, there was a biphasic hazard with an increased risk of death or transplantation with age less than 1 year (hazard ratio 7.1) and more than 12 years (hazard ratio 4.5)13. This finding differed from the UK study and may be due to the different entry criteria into the studies – some asymptomatic children were enrolled in Tsirka study whereas in the UK study all were symptomatic, and hence a worse prognosis even for those 1-12 years of age might be expected.


Quantitative echocardiography and brain natriuretic peptide (BNP) have been studied as predictors of outcome in DCM. These tests are described in the Chapter 5. A lower left ventricular fractional shortening z score was an independent predictor of death or transplantation in both the PCMR and NACCS.7,18 The NACCS found lack of improvement in fractional shortening (FS) z score during follow up to be a predictor of poor outcome18. In one study the degree of left ventricular dilation at listing for transplant has been shown to be associated with not only an increased risk of waitlist mortality but mortality within 6 months after transplant in both the less than 5 years old group, with the strongest association in the group less than 6 months of age19. The 5 year incidence of sudden cardiac death in patients with DCM in the PCMR was 3% and risk was increased with younger age at diagnosis, greater degree of LV posterior wall thinning and greater degree of LV dilation (Z score >2.6)20. The severity of mitral regurgitation as a predictor of outcome has shown conflicting results as has the presence of arrhythmia17. Although invasive hemodynamic assessment in young children with DCM is uncommon, two small series have reported higher pulmonary capillary wedge pressure (> 20-25 mmHg) associated with worse outcome.21,22. The PCMR found congestive heart failure at presentation in infants less than 1 year predicted a worse survival7. However, in a study where all the children had new onset heart failure (i.e. at presentation), infancy was not found to be an independent predictor of worse outcome10. Small series have shown BNP levels to be predictive of outcome. Price found that a BNP level > 300 pg/mL was a strong predictor of death, transplant or heart failure hospitalizations and was more strongly correlated with poor outcome than symptoms or echocardio-graphic findings23. In a post hoc analysis of the Pediatric Carvedilol Trial, BNP greater than or equal to 140 pg/mL and age more than 2 years at presentation in children with moderately symptomatic heart failure predicted worse outcome24.


3.2.2. Hypertrophic cardiomyopathy


Hypertrophic cardiomyopathy is a heterogeneous diagnosis that may be a consequence of isolated cardiac disease or secondary to a more generalized condition, e.g. inborn error of metabolism. It is the second most common cause of cardiomyopathy in children. The natural history of HCM is variable. Symptoms and survival are etiology and age specific. Some patients remain asymptomatic throughout life while others develop symptoms with or without heart failure or sudden death. The development of heart failure in children with HCM overall is 13% but it ranges from 9-40% in the infantile form to as low as 4% for the older child with idiopathic HCM11,25,26. Recent reports suggest sudden cardiac event rates at 1-2% per year11,27 however, this can be misleading as the age at death in children with HCM shows a bimodal distribution in most studies with a clustering of deaths before 1 year of age and then none until 8- 17 yrs11,28,29. In the PCMR analysis, there were significant differences in survival, transplantation and the composite end-point of transplantation or death by cause and age at presentation of HCM11. Children with inborn errors of metabolism (IEM) had a higher rate of congestive heart failure at presentation, higher end diastolic dimension z score, and lower FS z score. All children presenting less than 1 year of age had a significantly poorer survival than those more than 1 year of age. However, patients with idiopathic HCM who survived the first year of life had an annual mortality rate that was no different than the older children. The 5 year survival in children with idiopathic HCM older than 1 year at diagnosis was 94% as compared to 82% if they were less than 1 year old at diagnosis11. In a separate PCMR analysis, 51% of children with Noonan's syndrome were diagnosed at less than 6 months of age and nearly a quarter had congestive heart failure symptoms at the time of diagnosis of HCM. One year mortality was 22% in this group30. In addition to age and cause of HCM being predictors of outcome, left ventricular wall thickness z score > 6 and an abnormal blood pressure response to exercise have been shown to be risk factors for non-sudden cardiac death25.


Echocardiographic findings suggestive of restrictive physiology have also been associated with poor outcome31,32. In one study a 3.8 fold increase in hazard of death or a sudden cardiac event was found in those with restrictive physiology and a 5.7 fold increase in hazard of death or heart transplantation32. A more recent analysis of the PCMR database confirmed the prior risk factors for poor outcome of age, type of HCM, low weight, presence of congestive heart failure, low LV fractional shortening (Z score <2), greater LV posterior wall thickness (Z score >2) and septal thickness (Z score >3) at end diastole26. They also reported that having 2 or more risk factors significantly increased the risk for death or transplantation.


Assessing risk for sudden death in children with HCM is a subject of ongoing research. Most investigators have found that adult risk factors are not predictive in children. Ostman-Smith found a septal thickness > 190% for age to be an independent risk factor for sudden death33. Moak et al. did an exhaustive study of 144 patients with HCM to find risk factors for arrhythmic events including exercise test, electrophysiology studies (EP), Holter monitors, angiography and perfusion scans27. These investigators found ventricular tachycardia induction on EP study, septal thickness > 20 mm, age > 13 years, and presyncope or syncope to be highly predictive of an arrhythmic event within 5 years after diagnosis. They found traditional risk factors such as family history of sudden death, ventricular tachycardia on Holter and abnormal blood pressure response to exercise not to be predictive of sudden death in children.


3.2.3 Restrictive cardiomyopathy


Restrictive cardiomyopathy (RCM) is a rare form of cardiomyopathy accounting for 2.5-4.5% of all cardiomyopathies9,34. Multiple single center studies in children with RCM have reported poor outcomes with less than 50% survival by 2 years after diagnosis. The rarity of the disease accounts for the small numbers of patients in the studies and many include collection of data over several decades35,36,37,38,39,40. Heart failure at diagnosis was present in 26 – 42% of children with restrictive cardiomyopathy depending on the phenotype (purely restrictive or in association with hypertrophy) in a recent PCMR subanalysis34.


Sudden cardiac death has been reported as a mode of death in children with RCM with greatest risk for those with symptoms of ischemia, such as chest pain or syncope41. However, heart failure related deaths are the most common34,35,36,37,39. Elevated pulmonary vascular resistance index was found to be predictive of a poor outcome in several of these studies35,36,37,39 as was evidence of increased end diastolic filling pressures and increased pulmonary venous congestion35,36,37,39. Thromboembolic events occurred in as high as 15- 33% of patients37,39.


Many of these studies concluded that early listing for transplantation in patients with RCM was warranted given the risk of increased pulmonary vascular resistance, poor survival and sudden death, and the difficulty of supporting them (either medically or mechanically) when in end stage heart failure. The recent analysis of restrictive cardiomyopathy patients in the PCMR demonstrated the influence of phenotype on outcome as well as a more recent potential shift in outcome based on early referral for transplantation34. Two-thirds of patients within the PCMR database were classified as pure RCM while the remaining third showed a mixed phenotype, RCM/HCM. Family history of cardiomyopathy was more common in the mixed phenotype than the pure RCM affirming the link with the hypertrophic population. Overall survival was independent of phenotype but transplant-free survival was significantly better in the mixed phenotype group. Heart failure and lower FS z score at presentation for all patients with RCM as well as higher posterior wall thickness z score in the mixed RCM/ HCM patients independently predicted adverse outcome. The freedom from death in the pure RCM patients was 86% at 1 year and 68% at 5 years. However, the freedom from death or transplant in the same group was 48% at 1 year and 22% at 5 years indicating how transplant may have altered the natural history34.


3.2.4 Left Ventricular Noncompaction


Left ventricular noncompaction (LVNC) is characterized by a spongy morphologic appearance of the myocardium, occurring primarily in the left ventricle (LV), with the abnormal trabeculations typically being most evident laterally and in the apical portion of the LV42,43. In 2006, the American Heart Association scientific statement on classification of cardiomyopathies formally classified LVNC as a distinct disease entity43. It has been observed that LVNC has a heterogenic phenotype, and can occur in isolation or in association with other primary cardiomyopathies or structural heart disease44,45,46,47,48,49,50. LVNC has been associated with ventricular septal defects, atrial septal defects and single ventricle44,45,46. It has also been found to exist in an "undulating "phenotype with echocardiographic parameters changing over time from dilated to hypertrophic and even to normal for periods of time45,51. LVNC was present in 4.9% of the PCMR and as high as 9.5% in other studies46.


LVNC commonly presents in infancy with signs and symptoms of congestive heart failure in up to 40% of patients44,46. It may present with stroke although this is more common later in life. Age at presentation has not been associated with poor outcome of a recent cohort from 2 days to 20 months after presentation44. However, hemodynamic instability at presentation has been associated with death or transplantation in 81%. In addition, decreased left ventricular systolic function and increased LV end diastolic dimension have been shown to be independent predictors of poor outcome44,50. In another contemporary study, Pignatelli and colleagues found a 5-year survival rate of 86% and a 5-year freedom from death or transplantation of 75%46. LVNC may not present until later in life and these patients seem to have a good prognosis47.


Arrhythmias occur frequently, with an incidence of 33% in one study, and include ventricular tachycardia, atrial tachycardia, supraventricular tachycardia, atrial flutter and fibrillation50. Wolff-Parkinson-White syndrome is also common in patients with LVNC46,47. Progressive congestive heart failure and sudden death are important modes of death in these patients44,45,46,50. However, patients with LVNC who had normal cardiac dimensions and function seem to be at low risk for sudden death50.


3.2.5. Arrhythmogenic ventricular cardiomyopathy


The pathologic condition known initially as arrhythmogenic right ventricular dysplasia (ARVD) or arrhythmogenic right ventricular cardiomyopathy (ARVC) has now been termed arrhythmogenic ventricular cardiomyopathy (AVC). It is a rare form of cardiomyopathy typified by fibrofatty replacement of the RV myocardium52. Conduction abnormalities, arrhythmias and progression to RV failure are common. Patients with AVC can develop LV or biventricular failure, and while onset is typically in adulthood, young children and adolescents can have a severe presentation53. Medical management of RV failure and arrhythmias improve survival but heart transplantation may be necessary in children with end-stage AVC54,55.


3.3. Heart Failure due to Congenital Heart Disease


Congenital heart defects can lead to heart failure in all ages from the fetus through late childhood and adulthood. An estimated 11,000 to 14,000 children are hospitalized annually for heart failure in the United States alone, corresponding to a rate of 14 to 18 admissions per 100,000 children12. Up to 70% of these admissions are children with congenital heart disease. Approximately 10 to 14% of all hospitalizations in patients with functional single ventricles are a result of heart failure. The incidence of heart failure in children with congenital heart disease (CHD) is 6% to 24% with 58% to 70% occurring within the first year of life3,4. Most structural lesions that produce heart failure, especially in infancy, are amenable to surgical treatment and thus are rarely medically managed for more than a brief period between diagnosis and surgery.


With improvements in diagnosis, surgical technique, intraoperative and postoperative management, and long-term management, results with surgical correction or palliation of congenital heart disease have improved. Nonetheless some patients will, over time, develop heart failure. Congenital heart disease patients with a biventricular circulation are at risk for late ventricular failure and include patients with d-transposition of the great arteries with a systemic right ventricle following an atrial switch (Mustard/Senning procedure), patients with congenitally corrected transposition of the great arteries (l- transposition of the great arteries), tetralogy of Fallot and its variations or complex left sided obstructive lesions. The development of heart failure in those with univentricular physiology is also common. Some of these conditions will be discussed below with further management considerations discussed in chapter 12.


3.3.1. Heart Failure with a biventricular circulation


Repair of tetralogy of Fallot and other obstructive lesions of the RV outflow tract, particularly in earlier series, commonly employ a transannular RV outflow tract patch with resultant longstanding pulmonary regurgitation. Oku and colleagues from Japan evaluated 63 patients late after repair of tetralogy of Fallot56. They found that patients with severe pulmonary regurgitation had greatly increased RV dimensions by angiography. Disturbingly, the patients with the most pulmonary regurgitation had not only RV dysfunction, but depressed LV ejection fraction. This raises the concern that longstanding severe pulmonary regurgitation, if unchecked, may eventually impair LV function57. Whether or not this LV dysfunction will recover with pulmonary valve replacement is unanswered. A report by Therrien in Toronto of 25 adults late after repair of tetralogy of Fallot who underwent pulmonary valve replacement found that RV function did not improve after pulmonary valve replacement58. The average interval from tetralogy repair to pulmonary valve replacement was 21.8 years.


Before the widespread adoption in the late 1980's of the anatomical correction (arterial switch) for transposition of the great arteries, the standard surgical treatment was an atrial switch procedure (either Senning or Mustard operation). Actuarial survival of early survivors at 10, 20, and 30 years after surgery was reported as 91.7%, 88.6%, and 79.3%, respectively59. Long-term survival was not substantially different based on the type of atrial switch operation performed60. The mechanisms of failure following the atrial switch repair were arrhythmias (especially loss of sinus node function), baffle obstruction, and particularly right ventricular failure since the morphologic right ventricle serves as the systemic ventricle61,62,63. In the atrial switch patients, tricuspid regurgitation and right ventricular failure often develops 15-25 years after operation. Systemic ventricular dysfunction in a cohort of long-term survivors was moderate in 9.2% of patients and severe in 2%59. A study of atrial switch patients who had their operations in the earlier era reported 41% developed systemic ventricular dysfunction which was progressive63. The overall incidence of right ventricular dysfunction in more recent reports ranged from 4 – 22% and tended to occur more in atrial switch patients with associated lesions61,64. Transplantation is often required in adolescence or early adulthood64,65.


Congenitally corrected transposition (ccTGA) of the great arteries is rare with an incidence of 2-7 per 100,000 live births and represents less than 1% of congenital heart disease66,67,68. Presentation and natural history in ccTGA are governed by associated lesions which are present in over 90%69. In this series, most patients with heart failure had atrioventricular valve regurgitation, and those patients with symptoms of heart failure had poorer outcomes when compared with patients who had a combination of associated lesions that produced cyanosis. In other series, patients without associated lesions had significantly better long term survival into the eighth or ninth decade of life70,71. However, 66% of patients surviving into fifth decade required treatment for heart failure71. Systemic ventricular dysfunction and heart failure may develop as a result of a morphologic RV in the systemic position66,72,73. Most patients with systemic RV dysfunction have significant systemic atrioventricular valve regurgitation which progresses66,69,72,74. Results with physiologic repair of ccTGA (usually closure of a ventricular septal defect with or without relief of left ventricular outflow obstruction or tricuspid valve repair or replacement) in which the RV remains the systemic ventricle have been particularly disappointing with reported actuarial survival of 61% at 15 years75. The presence of Ebstein anomaly or preoperative tricuspid regurgitation with a physiologic repair is particularly poor with a 19% 15-year actuarial survival75,76. Freedom from systemic ventricular dysfunction after physiologic repair decreases steadily, with only 19 – 40% of patients without systemic ventricular dysfunction by 20 years75,77. Due to dissatisfaction with these poor results, some centers have opted for an anatomic repair - an atrial switch with an arterial switch (double switch) or an atrial switch with a Rastelli procedure, both of which employ the morphologic LV as the systemic ventricle. Most reports have demonstrated improved early and late survival with anatomic repair yet some reports have shown no survival advantage compared with a-- physiologic correction76,82. The occurrence of heart failure following the double switch in the report by Murtuza was 14% and the overall freedom from death or transplant was 84% at 10 years82. Patients who require preparatory pulmonary artery banding to "train" the morphologic LV fare worse than those who do not have pulmonary artery banding83,84.


Ebstein anomaly is rare, accounting for less than 1% of all congenital heart defects and was found in 2.5% of an autopsy with males and females equally affected85. In four large registries, Ebstein anomaly occurred in 0.17-0.72 per 10,000 births86,87. A significant proportion of cases of Ebstein anomaly present at or soon after birth or in infancy with cyanosis or heart failure88. The largest natural history study was published in 1974 and included 505 patients89. The study included patients with and without medical and surgical interventions. Infants had the poorest prognosis with 72% having heart failure whereas 71% of children and adolescents and 60% of adults had little or no disability. At ages 1-15 years the mortality was 12% with deaths due to heart failure and sudden death. This study also noted that 81% of patients coming to autopsy had associated lesions. An additional early study noted an association between mortality and associated lesions90. The fetal circulation does not tolerate significant tricuspid valve regurgitation and may well lead to fetal demise91. McElhinney in 2005 analyzed a 20 year single-center experience of 66 patients92. Fetal presentation resulted in elective termination of pregnancy in 24% and the fetus did not survive to birth in 49%. Seventy one percent of neonates survived to hospital discharge and beyond 1 month of age. Predictors of death included larger right atrial area and the absence of antegrade pulmonary blood flow across the RV outflow tract.


3.3.2. Heart Failure with a univentricular circulation


In many conditions such as hypoplastic left heart syndrome, single ventricle anatomy, pulmonary atresia with intact ventricular septum (PA/IVS) and severe right ventricular hypoplasia, it is not possible to achieve a biventricular circulation. The surgical strategy comprises staging operations culminating in the Fontan circulation. Risk factors for mortality within the first year of the Norwood operation are low birth weight, genetic abnormalities, and the presence of additional cardiac or extra-cardiac anomalies93,94,95. Heart failure after the Norwood procedure is usually due to pre-existing, or development of, tricuspid regurgitation or excessive pulmonary blood flow96. After the cavoplumonary shunt, heart failure is commonly due to atrioventricular valve regurgitation or ventricular failure97.


Some children, particularly those with heterotaxy syndrome (isomeric hearts), have an interrupted inferior vena cava with azygos continuation to the right superior vena cava or hemiazygos continuation to a persistent left superior vena cava. Surgically, they undergo a Kawashima operation which results in routing all of the systemic venous return (except hepatic and mesenteric) to the pulmonary arteries98. A significant percentage of these patients will develop pulmonary arteriovenous malformations (AVMs) in both lungs with resultant cyanosis and eventual heart failure99.


Fontan Procedure


In 1990, two decades after the introduction of the procedure, Fontan reported that the "Fontan state" was associated with a premature decline in functional status and survival100. Even when atriopulmonary and atrioventricular Fontan procedures were performed under perfect conditions, there was a gradual attrition with survival after the operation of 86%, 81%, and 73% at 5, 10, and 15 years respectively. For patients undergoing total cavopulmonary connection, overall actuarial survival was 91% at ten years with the lateral tunnel Fontan and with the extracardiac Fontan 93.6% at 10 years and 85% at fifteen years101,102,103. A study from Children's Hospital Boston showed that, exclusive of operative mortality, 6.6% of the deaths were due to heart failure104. The hazard for heart failure mortality was minimal initially for the first 5 years after Fontan and then increased progressively over the next 5 to 10 years. The significant predictors for heart failure deaths by multivariate analysis were protein losing enteropathy, elevation of right atrial pressure and a single RV. In a study by Piran et al a subgroup of 33 patients had single ventricle and Fontan palliation64. After an average of 16 years of follow-up there was a 40% incidence of congestive heart failure and six patients had died. There was a higher incidence of symptoms of heart failure in those patients who had their Fontan at a later age and these survivors were found to have impairment of exercise function which worsened with age105,106.


3.4. Heart Failure from Acquired Heart Disease


Myocarditis is the most common acquired heart disease. Other conditions include endocarditis, rheumatic fever and Kawasaki disease, the incidence of which varies enormously depending on the area of the world. Not surprisingly the prognosis is also dependent on the region of the world and access to medical care.


3.4.1. Myocarditis


Whereas the incidence of DCM has been studied extensively, the exact incidence of myocarditis in children presenting with DCM is poorly defined since myocarditis is difficult to distinguish clinically from other causes of DCM, and even pathological studies are contentious107. In adults with unexplained DCM, the reported incidence of myocarditis varies between 3% and 63%108. In the National Australian Childhood Cardiomyopathy study, histopathologically proven lymphocytic myocarditis was documented in 36% of children presenting with cardiomyopathy18. This was supported by another study that reported a 30% incidence of lymphocytic infiltration in explanted hearts after heart transplantation for dilated cardiomyopathy109. Attempts at further defining the rates of myocarditis are challenged by the lack of mechanism for screening and difficulties in establishing a conclusive diagnosis110. A recent investigation of the Pediatric Health Information System (PHIS) database of discharge diagnoses from 35 academic children's hospitals found that 0.05% of discharge diagnoses were myocarditis (a total of 216 cases) during 2005111. Clearly administrative datasets cannot provide true incidence due to issues with diagnostic confirmation and potential for under-diagnosis. Extrapolating from the PCMR data and a Finnish study of autopsies from healthy young military recruits gives incidence estimates of 0.17 to 0.28 per 1000 patient years7,112. Using polymerase chain reaction (PCR), which amplifies specific nucleic acids of interest, Towbin and colleagues showed that nearly 40% of cases have identifiable viral genome including coxsackievirus, adenovirus, parvovirus B19, Ebstein-Barr virus, cytomegalovirus, influenza, and others113,114. They have also showed that the viral etiologies change over time115. Outcomes after biopsy proven myocarditis are better than in idiopathic DCM, as shown in the retrospective PCMR cohort116. In 119 children with biopsy-proven myocarditis, 86% have congestive heart failure. By 3 years after presentation 6% had died without transplantation, 54% improved to normal, 19% were transplanted, and 21% were living but with continued abnormal cardiac function. These outcomes were similar to the group who had probable myocarditis and were better than those with idiopathic cardiomyopathy who had an event-free (freedom from death or transplant) 3 year survival of about 30%. In patients with myocarditis presenting with decreased systolic function, a left ventricular end diastolic dimension z score > 2 at presentation was associated with a lower chance of echocardiographic normalization by 3 years, whereas a non-dilated LV or a thicker septal wall at presentation was associated with an increased likelihood of echocardiographic normalization by 3 years116. Interestingly, in this same analysis, 21% of patients with idiopathic DCM also had a normal echocardiogram by 3 years. In a single center study of 41 children with acute myocarditis, outcomes were similar to the PCMR data with freedom from death or transplantation of 82% at 1 year and 75% at 5 years117. Children with acute fulminant myocarditis with hemodynamic compromise require early aggressive treatment. However, they have a better survival rate than non-fulminant cases with a much higher rate of complete recovery of ventricular function if they can be supported through the acute phase. Transplant free survival exceeding 90% are reported in adult and pediatric studies118,119.


3.4.2. Rheumatic Fever


Rheumatic fever remains a significant cause of morbidity and mortality in many parts of the world120. The incidence varies greatly in different regions, with the estimated prevalence based on echocardiographic studies in various countries at 21-51 per 1000 children121,122,123. The prevalence is significantly higher in rural versus urban regions124. Bavdekar published a prospective study in children with acute rheumatic fever from Mumbai and showed that carditis in association with heart failure symptoms almost always resulted in the development of chronic rheumatic fever125. Chagani from Pakistan demonstrated that recurrence of acute rheumatic fever was associated with a higher incidence and greater severity of carditis126. Carditis however is rarely responsible for heart failure which is usually a consequence of the resultant valvar regurgitation127,128. Pure mitral regurgitation is the most common lesion in affected individuals under 20 years of age129. Meira from Brazil reported excellent long term survival in 258 children and adolescents with chronic rheumatic fever130.


3.4.3. Endocarditis


Endocarditis accounts for around 0.1% of pediatric admissions to hospital131. Historically the predisposing cause was rheumatic fever but more recently, in the developed world, 50% of children with endocarditis have an underlying congenital heart defect132,133,134,135. Indwelling catheters also pose a significant risk136. Heart failure in patients with endocarditis is usually a consequence of complications including valve regurgitation either from valve perforation or chordal rupture132,137. In a Japanese study between 1997 and 2001, heart failure occurred in 23% of patients with endocarditis138. Endocarditis on prosthetic valves may also cause heart failure if dehiscence or paravalvar leaks occurs132. A review of outcomes of 73 children with endocarditis between 1958 and 1992 from Pittsburgh reported an overall mortality of 18% with 21% requiring surgery139. In the more recent era (last 2 decades) community acquired endocarditis had a 24% mortality and occurrence of heart failure was a significant risk factor135. The indications for surgery include heart failure, ongoing infection or recurrence, with a reported mortality of 15%140,141.


3.4.4. Kawasaki Disease


Kawasaki disease is more prevalent in Asian countries, especially Japan, but it is also responsible for a significant number of admissions in the USA (20 per 10,000 in 2009) and Europe (5-15 per 100,000)142.


Kawasaki disease is most common in younger children. A recent report showed that the number of children less than 5 years of age requiring hospital admission with Kawasaki disease was 217 per 100,000142. Although Kawasaki disease is a significant cause of morbidity and mortality,143 cardiac failure is very uncommon even in Japan143,145.
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4.1 Myocyte Structure and Contractility


Cardiac muscle fibers, in contrast to skeletal muscle fibers, are not assembled in parallel arrays but bifurcate and recombine to form a complex three-dimensional network. The muscle fibers are comprised of separate cellular units (cardiomyocytes). (Figure 1) The muscle fibers are comprised of separate cellular units (cardiomyocytes). They are connected to adjacent cardiomyocytes by the intercalated disc. This disc is a specialized area of interdigitating cell membrane that contains gap junctions (containing connexins), mechanical junctions (comprised of adherens junctions containing N-cadherin, catenins and vinculin) and desmosomes (containing desmin, plakoglobin, plakophylin, desmoplakin, desmocollin, desmoglein) (Figure 2). Each cardiomyocyte is surrounded by a thin sarcolemmal membrane; the interior of each cardiomyocyte contains bundles of longitudinally arranged myofibrils formed by repeating sarcomeres. The sarcomere is the contractile apparatus of the cardiomyocyte and is comprised of overlapping thin (actin) and thick (myosin) filaments which give the muscle its characteristic striated appearance1,2. The thick filaments are c omposed primarily of myosin but also contain myosin binding proteins C, H and X. Myosin is a complex structure that includes three myofilament proteins: the β-myosin heavy chain (β-MyHC), the ventricular myosin essential light chain 1 (MLC-1s/v), and the ventricular myosin regulatory light chain 2 (MLC-2s/v) (Figure 3)223.
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Figure 1


Human mutations (orange text) in components of myocyte cytoarchitecture that can cause DCM. Reproduced with permission, Yano, et al19.
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Figure 2


Molecular composition of the desmosome is depicted (inset). The desmosomal cadherins desmocollin and desmoglein form classic homotypic and heterotypic interactions between cells. These membrane-bound proteins are linked to the intermediate filament binding protein desmoplakin. This complex anchors the desmosome to the cytoskeleton of the cell, and thus indirectly to the sarcomere, nuclear membrane, and the dystro- phin-associated glycoproteins. Reproduced with permission, Ellinor et al71.
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Figure 3


The Myosin Molelcule. Reproduced with permission, Cooper et al.221


The thin filaments are composed of cardiac actin, α-tropomyosin (α-TM), cardiac troponin T (cTnT), cardiac troponin I (cTnI) and cardiac troponin C (cTnC) and myosin binding protein C (cMyBP-C)3,4. Myofibrils contain a third filament formed by the giant filamentous protein titin, extending from Z-disc to M-line. Titin acts as a molecular template for the layout of the sarcomere. The Z-disc, which includes the proteins α-actinin, nebulette, telethonin/Tcap, capZ, MLP, myopalladin, myotilin, Cypher/ZASP, filamin, and FATZ, is found at the borders of the sarcomere and is formed by a lattice of proteins that maintain myofilament organization by cross-linking antiparallel titin and thin filaments from adjacent sarcomeres (Figure 4)5,6,221,223. contraction of the myocyte is generated by rapid cross-bridge formation between the proteins of the contractile apparatus, myosin and actin. Through binding of adenosine triphosphate (ATP), the myosin head undergoes a conformational change leading it to ratchet along actin, subsequently followed by hydrolysis of ATP to adenosine diphosphate (ADP) and release of myosin-actin binding.
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Figure 4


The Z-line connects myofibrils to the sarcolemmal membrane via the costamere and ultimately transmits information to from the extracellular matrix. Dystrophin glycoprotein and complex and integrin–vinculin–talin complex are two major costameric protein complexes and directly interact with protein components (eg filamin) at the Z-line. Reproduced with permission, Peter et al222.


This conformational change occurs through the interaction of tropomyosin, the cardiac troponin complex (troponin C, I, and T) and calcium. Tropomyosin is a filamentous protein that winds around actin both increasing the actin-myosin interaction and providing structural support to actin. Troponin I (TnI) inhibits actin-myosin binding and troponin T (TnT) binds the troponin complex to tropomyosin. Troponin C (TnC) binds calcium producing a conformational change and releasing the actin-myosin interaction from the inhibition of TnI, thereby encouraging contraction within the sarcomere. These interactions and ultimately the contraction and relaxation of cardiac myocytes, are driven by calcium flux into and out of the sarcoplasm. These calcium fluctuations are coupled to the cardiac action potential (AP) through a number of transmembrane proteins. The voltage gated L-type calcium channels open in phase 2 of the cardiac AP allowing influx of calcium into the cell, triggering calciumdependent calcium release from the sarcoplasmic reticulum (SR) via the ryanodine-receptor (RyR2). The calcium is then rapidly sensed and bound by TnC (as described above), triggering dis-inhibition of the actin-myosin interaction. Diastolic relaxation follows, initiated via the SR calcium ATPase (SERCA), which actively pumps calcium back into the SR. It is worth noting that in the neonatal heart, due in part to differences in calcium storage and availability, calcium influx via the L-type calcium channel plays a more direct role in TnC binding and therefore contraction than in the adult myocyte.
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