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INTRODUCTION

Cardiomyopathy (CM) is a rare disease in childhood. Incidence is estimated to be 1 case per 100 000 person-years in children < 18 [START_REF] Lee | Pediatric Cardiomyopathies[END_REF][START_REF] Nugent | The Epidemiology of Childhood Cardiomyopathy in Australia[END_REF][START_REF] Cox | Factors Associated With Establishing a Causal Diagnosis for Children With Cardiomyopathy[END_REF]. Morbidity and mortality remain significant with over 40% children dying or requiring heart transplant within 5 years of diagnosis [START_REF] Kindel | Pediatric Cardiomyopathy: Importance of Genetic and Metabolic Evaluation[END_REF].

Cardiomyopathies are, as in adults, classified into 5 groups according to cardiac phenotype.

The most frequent ones are the dilated cardiomyopathies (DCM, 55% of the cases in children) and the hypertrophic cardiomyopathies (HCM, 25 to 45 %). Restrictive cardiomyopathies (RCM), left ventricular non compaction (LVNC) and arrhythmogenic right ventricular dysplasia (ARVD) occur less frequently in 2.5 to 9% of cases [START_REF] Cox | Factors Associated With Establishing a Causal Diagnosis for Children With Cardiomyopathy[END_REF][START_REF] Kindel | Pediatric Cardiomyopathy: Importance of Genetic and Metabolic Evaluation[END_REF][START_REF] Yuan | Cardiomyopathy in the pediatric patients[END_REF][START_REF] Lipshultz | The incidence of pediatric cardiomyopathy in two regionsof the USA[END_REF][START_REF] Towbin | Left ventricular non-compaction cardiomyopathy[END_REF].

Familial transmission is most often autosomal dominant, but can also be autosomal recessive or X-linked [START_REF] Towbin | Left ventricular non-compaction cardiomyopathy[END_REF][START_REF] Mcnally | Dilated Cardiomyopathy: Genetic Determinants and Mechanisms[END_REF][START_REF] Nguyen | Whole Exome Sequencing Reveals a Large Genetic Heterogeneity and Revisits the Causes of Hypertrophic Cardiomyopathy: Experience of a Multicentric Study of 200 French Patients[END_REF][START_REF] Richard | Hypertrophic Cardiomyopathy: Distribution of Disease Genes, Spectrum of Mutations, and Implications for a Molecular Diagnosis Strategy[END_REF]. In children, there is a higher rate of neo-mutations than in adults [START_REF] Vasilescu | Genetic Basis of Severe Childhood-Onset Cardiomyopathies[END_REF].

Advances in human genome sequencing technology have increased the panel for genetic testing in cardiomyopathies. Around 65 genes are currently being screened in patients with "idiopathic" cardiomyopathy as well as in their first-degree relatives from the age of 10-12 years old if they are asymptomatic [START_REF] Richard | Génétique des cardiomyopathies héréditaires[END_REF][START_REF]ESC Guidelines on diagnosis and management of hypertrophic cardiomyopathy: The Task Force for the Diagnosis and Management of Hypertrophic Cardiomyopathy of the European Society of Cardiology (ESC)[END_REF] . Most mutations identified are in genes encoding components of the cardiac sarcomere. [START_REF] Peters | Familial dilated cardiomyopathy[END_REF][START_REF] Hershberger | Genetic evaluation of cardiomyopathy: a clinical practice resource of the American College of Medical Genetics and Genomics . ACMG Professional Practice and Guidelines Committee[END_REF][START_REF] Charron | Genetic counselling and testing in cardiomyopathies: a position statement of the European Society of Cardiology Working Group on Myocardial and Pericardial Diseases. European Society of Cardiology Working Group on Myocardial and Pericardial Diseases[END_REF][START_REF] Forleo | Targeted next-generation sequencing detects novel gene-phenotype associations and expands the mutational spectrum in cardiomyopathies. Ai T, éditeur[END_REF][START_REF] Biswas | Next generation sequencing in cardiomyopathy: towards personalized genomics and medicine[END_REF] .

Many studies in adults aim to describe genotype-phenotype correlations and establish severity factors to improve treatment decisions [START_REF] Lopes | A systematic review and meta-analysis of genotypephenotype associations in patients with hypertrophic cardiomyopathy caused by sarcomeric protein mutations[END_REF][START_REF] Bos | Characterization of a Phenotype-Based Genetic Test Prediction Score for Unrelated Patients With Hypertrophic Cardiomyopathy[END_REF][START_REF] Kayvanpour | Genotype-phenotype associations in dilated cardiomyopathy: meta-analysis on more than 8000 individuals[END_REF] . Pediatric studies are more scarce and show, as adult studies, a higher morbi-mortality and frequency of heart transplantation in children with a genetic mutation [START_REF] Robert W Loar | Genotype-phenotype Correlations of Hypertrophic Cardiomyopathy When Diagnosed in Children, Adolescents, and Young Adults[END_REF][START_REF] Norrish | Development of a Novel Risk Prediction Model for Sudden Cardiac Death in Childhood Hypertrophic Cardiomyopathy (HCM Risk-Kids)[END_REF][START_REF] Miron | A Validated Model for Sudden Cardiac Death Risk Prediction in Pediatric Hypertrophic Cardiomyopathy[END_REF] .

The aim of our study was to describe our cohort of idiopathic cardiomyopathies in a pediatric population. The secondary outcome was to establish genotype-phenotype.

MATERIALS AND METHODS

Study Population

All children less than 18 years old who were diagnosed with cardiomyopathy in our institution between January 2005 and December 2019 were considered for inclusion. Patients were identified through the institutional informatics system based on clinical codes.

Cardiomyopathies considered to be secondary to anatomical cardiac lesions, viral, toxic, inflammatory, or systemic neuro-muscular disorders and inborn errors of metabolism, were excluded. Informed consent was obtained from all subjects and/or their legal guardian(s). The study was approved by the institutional Review Board of the Faculty of medicine, Aix Marseille University (number EudraCT 2016-A00958-43).

Data collection

The medical charts of all consecutive children were analyzed. Clinical data at presentation and during follow-up were collected. Patients were classified into 6 groups of cardiomyopathies, based on echocardiographic and/or magnetic resonance published criteria (18; 25-29): dilated cardiomyopathy, restrictive cardiomyopathy, left ventricular non compaction, arrythmogenic right ventricular dysplasia and mixed cardiomyopathy. Outcomes including death or heart transplantation were recorded. Familial history was analysed. We established a composite endpoint of interest corresponding to the severity of the disease [START_REF] Vasquez | Low Left Atrial Strain Is Associated With Adverse Outcomes in Hypertrophic Cardiomyopathy Patients[END_REF][START_REF] Jansen | Blood-based biomarkers for the prediction of hypertrophic cardiomyopathy prognosis: a systematic review and meta-analysis[END_REF][START_REF] Marston | Clinical characteristics and outcomes in childhood-onset hypertrophic cardiomyopathy[END_REF]. It included death, heart transplant, critical care hospitalization and the need for implantable cardiac defibrillator (ICD).

Genetic analysis

Before 2018, the genetic screening was performed in an outreach laboratory and included up to 49 genes. From January 2018, the genetic screening was performed in our own centre and included 60 genes (CARDIOGEN) by next-generation sequencing (NGS).

The results of genetic analyses were recorded. When genetic investigations were incomplete according to current practices, the investigations were, when possible, completed either on available blood samples stored in the genetic laboratory, or by resampling the patient.

Data included affected gene and variant pathogenicity, classified as pathogenic, likely pathogenic, variant of uncertain significance (VUS) or benign. Patients with genetic results as pathogenic variant, likely pathogenic variants or VUS were considered genotype positive.

Statistical analysis

Continuous variables were expressed as means with standard deviation (SD) or median with interquartile ranges (IQR) when appropriate. The normality of continuous data was verified by using Kolmogorov-Smirnov test. Categorical variables were presented as frequencies with percentages. Estimates of time-related survival after surgical repair were calculated using the Kaplan-Meier method.

A sub group analysis was made to explore hypertrophic cardiomyopathies (n=33). Univariate analysis was made to compare the two groups according to the presence of genetic abnormalities (HCM with genetic anomaly n=21 vs HCM without genetic anomaly n=12).

Chi square test (or Fisher's exact test when appropriate) were used to compare categorical data, and Student's tests (or Mann-Whitney U-test when appropriate) for independent continuous variables.

All analyses were performed using IBM SPSS statistics (Version 24.0. Armonk, NY: IBM Corp).A p less than 0.05 was set as the level of statistical significance.

RESULTS

Population

Eighty-three patients were included between January 2005 and December 2019. Table 1 details patients and familial characteristics. Hypertrophic cardiomyopathy (HCM) was the most prevalent disease, diagnosed in 40% (n=33), followed by dilated cardiomyopathy (DCM) diagnosed in 28% (n= 23), mixed cardiomyopathy in 13% (n=11), left ventricular non compaction (LVNC) in 12% (n=10), restrictive cardiomyopathy (RCM) in 7% (n=6) and arrythmogenic right ventricular disease (ARVD) in 1.2% (n=1).

Characteristics at presentation and clinical course

Clinical symptoms at diagnosis and during follow-up are detailed in Table 1 Survival curve is shown in Figure 1.

Family history

Twelve patients (14.5%) had consanguine parents and CM was diagnosed in other family members in 29% of the cases (24/83). Most cases were HCM (10/24) and DMC (9/24). (Table 1)

Genetic findings

Sixty-four patients had complete genetic analysis, 11 had no genetic analysis at all and in 8 patients analysis was incomplete. A genetic anomaly was found in 41 out of the 64 complete tested patients (64%), with a predominance of mutations ion MYH7 (14/41, 34%) and MYBPC3 (5/41, 12%) genes. Results are shown on Figure 2.

Genotype-phenotype correlations

The cohort of 64 patients who had complete genetic analysis, was divided in 2 groups: those with identified genetic anomaly (group 1, n=41, 64%) and those without (group 2, n=23, 36%). There were no significant differences between the 2 groups, except for the need for implantable cardiac defibrillator (ICD): 8 patients in group 1 required ICD (19.5%), versus none in group 2, p=0.025. Results are shown in table 2.

Patients with hypertrophic cardiomyopathies

Thirty-three patients of the cohort had hypertrophic cardiomyopathy. Twenty-one of them (63.6%) had genetic anomalies (group 1), with a predominance of mutations in the MYH7 gene (36%) (Figure 3). Extra-cardiac impact, including hepatic or renal dysfonction, arterial pulmonary hypertension and metabolic acidosis, was more frequent in patients of group 1 (38 % vs. 8%, p=0.009). Mean right ventricular pressure was higher in group 1 (29.7±12.8 vs. [START_REF] Biswas | Next generation sequencing in cardiomyopathy: towards personalized genomics and medicine[END_REF].7±6.1 mmHg, p=0.041). More patients in group 1 required implantable cardiac defibrillator (ICD) (5 (24%) vs. 0, p=0.025) and 4 (19%) patients in group 1 vs. none in group 2 needed heart transplantation (p=0.047). Severity, representing by composite endpoint, was higher in group 1: 10 patients (47.6%) vs. 1 (8%) of group 2 (8%), p=0.041. Other characteristics were not significant. Results are shown on Table 3.

DISCUSSION

Description of Global cohort

This study evaluates a cohort of idiopathic cardiomyopathies presenting during childhood.

The distribution of cardiac phenotypes differs slightly from what is described in literature, with a predominance of hypertrophic cardiomyopathies, when most studies report a predominance of dilated cardiomyopathies [START_REF] Nugent | The Epidemiology of Childhood Cardiomyopathy in Australia[END_REF][START_REF] Cox | Factors Associated With Establishing a Causal Diagnosis for Children With Cardiomyopathy[END_REF][START_REF] Lipshultz | The incidence of pediatric cardiomyopathy in two regionsof the USA[END_REF][START_REF] Vasilescu | Genetic Basis of Severe Childhood-Onset Cardiomyopathies[END_REF]. This may be explained by the fact that, unlike other studies, our cohort does not include inborn errors of metabolism or neuromuscular causes of CM [START_REF] Cox | Diagnostic Approaches to Pediatric Cardiomyopathy of Metabolic Genetic Etiologies and Their Relation to Therapy[END_REF]. There might also be a selection bias with some dilated cardiomyopathies, considered as post-myocarditis, not included in this study.

In our cohort, survival without transplantation, all cardiomyopathies considered, was similar to, or better than those described in the paediatric studies [START_REF] Lee | Pediatric Cardiomyopathies[END_REF][START_REF] Alexander | National Australian Childhood Cardiomyopathy Study. Long-Term Outcomes of Hypertrophic Cardiomyopathy Diagnosed During Childhood: Results From a National Population-Based Study[END_REF][START_REF] Norrish | Clinical presentation and survival of childhood hypertrophic cardiomyopathy: a retrospective study in United Kingdom[END_REF].

Positive genetic testing in our global cohort (64%) was reasonably similar to available data in the literature. Ellepola et al., found a yield of 77%, in a pediatric population, excluding however HCM [START_REF] Alexander | National Australian Childhood Cardiomyopathy Study. Long-Term Outcomes of Hypertrophic Cardiomyopathy Diagnosed During Childhood: Results From a National Population-Based Study[END_REF]. Parrott et al., related only 40% of mutations in their pediatric cohort but did not include VUS results [START_REF] Parrott | Investigation of de novo variation in pediatric cardiomyopathy[END_REF]. In our population, MYH7 and MYBPC3 were the most frequently found genes, especially in HCM patients, which is consistent with literature [START_REF] Biswas | Next generation sequencing in cardiomyopathy: towards personalized genomics and medicine[END_REF][START_REF] Ho | Genetic advances in sarcomeric cardiomyopathies, state of the art[END_REF][START_REF] Ho | New paradigms in hypertrophic cardiomyopathy: Insights from genetics[END_REF][START_REF] Norrish | Clinical presentation and survival of childhood hypertrophic cardiomyopathy: a retrospective study in United Kingdom[END_REF].

Genotype-phenotype correlations in global cohort

Only few studies examined genotype-phenotype correlations in pediatric cardiomyopathies, and tend to focus on HCM patients [START_REF] Robert W Loar | Genotype-phenotype Correlations of Hypertrophic Cardiomyopathy When Diagnosed in Children, Adolescents, and Young Adults[END_REF][START_REF] Norrish | Development of a Novel Risk Prediction Model for Sudden Cardiac Death in Childhood Hypertrophic Cardiomyopathy (HCM Risk-Kids)[END_REF][START_REF] Miron | A Validated Model for Sudden Cardiac Death Risk Prediction in Pediatric Hypertrophic Cardiomyopathy[END_REF]. In adult studies, an identified mutation appears to be associated with a more severe course of the disease [START_REF] Lopes | A systematic review and meta-analysis of genotypephenotype associations in patients with hypertrophic cardiomyopathy caused by sarcomeric protein mutations[END_REF][START_REF] Bos | Characterization of a Phenotype-Based Genetic Test Prediction Score for Unrelated Patients With Hypertrophic Cardiomyopathy[END_REF][START_REF] Kayvanpour | Genotype-phenotype associations in dilated cardiomyopathy: meta-analysis on more than 8000 individuals[END_REF].

Our study did not allow us to establish genotype-phenotype correlations. Neither the age at diagnosis nor the symptoms presented by the patients, death or transplant, were different in children with a positive genetic testing compared to those without. The small number of patients may explain this. There was however a trend to have more implantable cardiac defibrillators in positive patients. This result may be biased by the important number of HCM in this group, with more genotype-positive patients [START_REF] Robert W Loar | Genotype-phenotype Correlations of Hypertrophic Cardiomyopathy When Diagnosed in Children, Adolescents, and Young Adults[END_REF][START_REF] Norrish | Development of a Novel Risk Prediction Model for Sudden Cardiac Death in Childhood Hypertrophic Cardiomyopathy (HCM Risk-Kids)[END_REF][START_REF] Miron | A Validated Model for Sudden Cardiac Death Risk Prediction in Pediatric Hypertrophic Cardiomyopathy[END_REF].

Hypertrophic cardiomyopathies

The mutation rate in our study (63.7%) was higher than in previous reported studies: 43% in pediatric HCM according to Kindel et al. (4) or 41% in a general HCM population according to Waldmüller et al [START_REF] Norrish | Clinical presentation and survival of childhood hypertrophic cardiomyopathy: a retrospective study in United Kingdom[END_REF].

Several adult, but also some pediatric studies describe a worse clinical course in patients with HCM and a positive genetic test [START_REF] Robert W Loar | Genotype-phenotype Correlations of Hypertrophic Cardiomyopathy When Diagnosed in Children, Adolescents, and Young Adults[END_REF][START_REF] Norrish | Development of a Novel Risk Prediction Model for Sudden Cardiac Death in Childhood Hypertrophic Cardiomyopathy (HCM Risk-Kids)[END_REF][START_REF] Miron | A Validated Model for Sudden Cardiac Death Risk Prediction in Pediatric Hypertrophic Cardiomyopathy[END_REF]. Our data are similar with more extra-cardiac complications, a higher need for ICD or heart transplantation in this group. Our composite criteria occurred most frequently in patients with positive genotype.

Interestingly, we noticed higher right ventricular pressure on ultrasound data, in group 1 when compared to group 2, despite similar posterior wall left ventricular diameter Z-values. This differs from some published adult studies reporting more severe myocardial hypertrophy in patients with a positive genetic testing [START_REF] Lopes | A systematic review and meta-analysis of genotypephenotype associations in patients with hypertrophic cardiomyopathy caused by sarcomeric protein mutations[END_REF][START_REF] Bos | Characterization of a Phenotype-Based Genetic Test Prediction Score for Unrelated Patients With Hypertrophic Cardiomyopathy[END_REF][START_REF] Kayvanpour | Genotype-phenotype associations in dilated cardiomyopathy: meta-analysis on more than 8000 individuals[END_REF]. This difference could be explained by the small size of our population but also by the age of the patients. Smaller children may have more reactive pulmonary vessels. Disease and LV hypertrophy may progress with time and become more pronounced at adulthood. Larger studies and longer follow-up are required to verify these data and analyse their clinical impact.

Limitations

Main limitations of our study are inherent to its retrospective and monocentric design and the small sample size. Moreover, several patients died or were lost before genetic analysis could be performed, decreasing the strength of the study. 

  Twenty-five patients (30%) required cardiac transplant at a median age of 6.76 years [1.07 -11.49], corresponding to a median follow-up of 0.49 years [0.23 -0.92] after diagnosis. Nine patients died (11%) at a median age of 7.2 years [3.33-11.41], corresponding to a median follow-up of 1.9 years old [0.29 -3.83] after diagnosis. Survival without transplantation at 5, 10 and 20 years after diagnosis was 94.7%, 89.3% and 78% respectively.

Figure 1 :

 1 Figure 1 : Survival curve

Figure 1

 1 Figure 1

Figure 2 :
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 3 Figure 3 : Distribution of genetic anomalies in the HCM population
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  . Median followup, until death, cardiac transplant or end of study, was 2.28 years [0.37 -6.73].

	At diagnosis, 40/83 (48.2%) patients were symptomatic. During follow-up, 60/83 (72%)
	patients had complications and needed hospitalization in cardiology department (30%) or in
	intensive care unit (34.6%), especially for cardiac failure or cardiogenic shock (33.7%),
	syncope (12%) or rhythm abnormalities (11%).

Complications, n (%) Cardiology department hospitalisation Intensive care hospitalisation Cardiac failure/Cardiogenic shock

  

	Characteristics	n = 83
	Age at diagnosis, median [IQR]	1.28 [0.27-10.48]
	Sex (male)	39 (47%)
	Distribution of cardiomyopathies, n (%)	
	HCM	33 (39.8)
	DCM	23 (27.7)
	RCM	6 (7.2)
	LVNC	10 (12)
	ARVD	1 (1.2)
	Other	11 (13.2)
	Family history	
	Consanguinity	12 (14.5)
	CM in family	24 (29)
	Follow up, yr., median [IQR]	2.28 [0.37 -6.73]
	Symptoms at diagnosis, n (%)	40 (48.2)
	Dyspnea	31 (37.3)
	Feeding and growth difficulties	23 (27.7)
	Cardiac failure/cardiogenic shock, n (%)	22 (26.5)
		60 (72.2)
		25 (30.1)
		28 (34.6)
		26 (33.7)
	Rhythm abnormalities	9 (10.8)
	Cardiac transplant	25 (30.1)
	Age at transplant, median [IQR]	6.76 [1.07 -11.49]
	Time between diagnosis and transplant, yr, median [IQR]	0.49 [0.23 -0.92]
	Death	9 (10.8)
	Age at death, median [IQR]	7.2 [3.33-11.41]
	Time between diagnosis and death, yr, median [IQR]	1.9 [0.29 -3.83]

Table 1 :

 1 Patients characteristics at presentation and clinical course

	Table 1

Table 1 :

 1 Genotype-phenotype correlations

Table 2 HCM with genetic anomaly (group 1, n= 21) HCM without genetic anomaly (group 2, n=12) p Age at diagnosis, median [IQR

 2 

	]	7[0-11]	6[0-13.2]	0.627
	Symptomatic, n (%)	8 (38.1)	4 (33.3)	0.117
	Ventricular rhythm abnormalities at holter ecg, n (%)	3 (14.3)	0 (0)	0.089
	Zscore IVSD, mean (SD)	4.9+/-1.5	4.3+/-1.5	0.354
	Zscore PWLVD, mean (SD)	2.9+/-1.4	2.2+/-1.3	0.356
	RVP, mmHg, mean (SD)	29.7+/-12.8	18.7+/-6.1	0.041
	Extra cardiac impact, n (%)	!	1(8.3)	0.009
	Recovered sudden death, n (%)	1 (4.7)	0 (0)	0.667
	ICD, n (%)	5 (23.8)	0 (0)	0.025
	Transplant, n (%)	4 (19)	0 (0)	0.047
	Critical care hospitalization, n (%)	4 (19)	1 (8.3)	0.244
	Death, n (%)	0 (0)	1 (8.3)	0 .149
	Composite score*, n (%)	10 (47.6)	1(8.3)	0.041

Table 3

 3 Genotype-phenotype correlations in HCM population

Table 3

 3 

CONCLUSION

Only few studies have so far analysed the genotype-phenotype correlations in children with genetic cardiomyopathies. In our small study, a positive genetic test was associated with a worse clinical course in children with HCM. Those date need to be confirmed by larger studies. Adequate genetic screening is very important in children with 'idiopathic' cardiomyopathy and will hopefully allow us in the future to improve medical care.
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