Eric Xu 
  
Nadjia Kachenoura 
  
Valeria Della Valle 
  
Béatrice Dubern 
  
Alexandra Karsenty 
  
Patrick Tounian 
  
Jean-Nicolas Dacher 
  
Richard Layese 
  
Jérôme Lamy 
  
Hubert Ducou 
  
Valeria Della Valle 
  
Hubert Ducou Le Pointe 
  
Alban Redheuil 
  
Dr Eléonore Blondiaux 
email: eleonore.blondiaux@aphp.fr
  
  
  
Multichamber Dysfunction in Children and Adolescents With Severe Obesity: A Cardiac Magnetic Resonance Imaging Myocardial Strain Study

Keywords: Pediatric obesity, Strain, Feature-tracking, CMR, left atrium, Right ventricle, Left ventricle

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Background

The prevalence of childhood overweight and obesity is high, ranging from 15% to 26% across European countries [START_REF] Garrido-Miguel | Prevalence and Trends of Overweight and Obesity in European Children From 1999 to 2016: A Systematic Review and Meta-analysis[END_REF]. Despite recent reports of a potential slow-down in incidence [START_REF] Pan | Changes in Obesity Among US Children Aged 2 Through 4 Years Enrolled in WIC During 2010-2016[END_REF][START_REF] Hales | Trends in Obesity and Severe Obesity Prevalence in US Youth and Adults by Sex and Age, 2007-2008 to 2015-2016[END_REF], the rate of severe obesity among US children and adolescents has tripled in the last decades [START_REF] Skelton | Prevalence and Trends of Severe Obesity among US Children and Adolescents[END_REF], and an estimated 398,000 children are severely obese in Europe [START_REF] Spinelli | Prevalence of Severe Obesity among Primary School Children in 21 European Countries[END_REF].

Severe childhood obesity is associated with a variety of immediate and long-term risks of adverse health consequences, including but not limited to cardiovascular and metabolic effects [START_REF] Aaron | Severe Obesity in Children and Adolescents: Identification, Associated Health Risks, and Treatment Approaches[END_REF]. A longitudinal study of 2.3 million adolescents linked childhood obesity to increased risk of mortality in adulthood, likely due to the early onset of cardiovascular diseases [START_REF] Twig | Body-Mass Index in 2.3 Million Adolescents and Cardiovascular Death in Adulthood[END_REF].

Altered left ventricular (LV) and right ventricular (RV) geometry and function due to overweight and obesity have been reported, including increased ventricular myocardial mass and wall thickness, increased volumes and both systolic and diastolic dysfunction [START_REF] Barbosa | Assessing pre-clinical ventricular dysfunction in obese children and adolescents: the value of speckle tracking imaging[END_REF][START_REF] Salvo | Abnormal myocardial deformation properties in obese, non-hypertensive children: an ambulatory blood pressure monitoring, standard echocardiographic, and strain rate imaging study[END_REF][START_REF] Jing | Cardiac remodeling and dysfunction in childhood obesity: a cardiovascular magnetic resonance study[END_REF][START_REF] Koopman | Interaction between Myocardial and Vascular Changes in Obese Children: A Pilot Study[END_REF][START_REF] Mangner | Childhood Obesity: Impact on Cardiac Geometry and Function[END_REF][START_REF] Orhan | Effects of Isolated Obesity on Left and Right Ventricular Function: A Tissue Doppler and Strain Rate Imaging Study[END_REF][START_REF] Barbosa | Strain Imaging in Morbid Obesity: Insights Into Subclinical Ventricular Dysfunction[END_REF][START_REF] Wong | Association of subclinical right ventricular dysfunction with obesity[END_REF][START_REF] Chahal | Obesity and Right Ventricular Structure and Function[END_REF][START_REF] Jing | Impaired right ventricular contractile function in childhood obesity and its association with right and left ventricular changes: a cine DENSE cardiac magnetic resonance study[END_REF][START_REF] Danias | Cardiac structure and function in the obese: a cardiovascular magnetic resonance imaging study[END_REF][START_REF] Rider | Determinants of left ventricular mass in obesity; a cardiovascular magnetic resonance study[END_REF].

These changes were initially documented in adult populations and more recently in children.

Geometric and functional changes such as altered LV ejection fraction (EF) generally occur in the most advanced stages of obesity.

Myocardial strain analysis may allow to detect infra-clinical functional alterations related to obesity at an early age. Speckle or feature-tracking (FT) was initially developed to measure strain in echocardiography and more recently in cardiovascular magnetic resonance (CMR). Over the past few years, CMR has become the reference standard for cardiac strain assessment with taggingbased analysis or more recently FT. It allows for objective quantification and non-angledependent analysis of the myocardial deformation [START_REF] Scatteia | Strain imaging using cardiac magnetic resonance[END_REF]. Despite CMR's potential strengths for detecting preclinical alterations in childhood obesity, there still is a scarcity of myocardial strain studies involving CMR in this population.

Recently, Jing et al. reported impaired LV strain values [START_REF] Jing | Cardiac remodeling and dysfunction in childhood obesity: a cardiovascular magnetic resonance study[END_REF] as well as RV impairment in children with obesity [START_REF] Jing | Impaired right ventricular contractile function in childhood obesity and its association with right and left ventricular changes: a cine DENSE cardiac magnetic resonance study[END_REF]. Regarding the left atrium (LA), echocardiography-based studies found proof of LA remodeling [START_REF] Mangner | Childhood Obesity: Impact on Cardiac Geometry and Function[END_REF][START_REF] Yu | Left atrial diameters in overweight children with normal blood pressure[END_REF][START_REF] Daniels | Left atrial size in children with hypertension: the influence of obesity, blood pressure, and left ventricular mass[END_REF] and strain impairment [START_REF] Chirinos | Effect of Obesity on Left Atrial Strain in Persons Aged 35-55 Years (The Asklepios Study)[END_REF], but to the best of our knowledge, no study has investigated LA strain in childhood obesity by using CMR. Finally, the effects of childhood obesity on cardiac geometry and function may result from global multi-chamber interplay processes, but no study has simultaneously investigated LV, RV and LA measurements to identify joint or chamber-specific alterations and help better understand the underlying mechanisms.

Our main objective was to study the effects of severe childhood obesity on multichamber cardiac geometry and function (LV, RV and LA) by using CMR FT strain analysis.

Methods

Study population and clinical assessment

Between November 2017 and June 2020, we prospectively recruited children and adolescents referred for obesity management to the French Reference Center for Childhood Obesity (Armand-Trousseau and La Pitié-Salpêtrière Hospitals, Sorbonne Université) and whose body mass index (BMI) values were above the 95 th percentile for children and teens of similar age and sex according to French reference values [START_REF] Kêkê | Body mass index and childhood obesity classification systems: A comparison of the French, International Obesity Task Force (IOTF) and World Health Organization (WHO) references[END_REF]. Children were classified according to their BMI as defined by the Extended International Obesity Task Force [START_REF] Cole | Extended international (IOTF) body mass index cut-offs for thinness, overweight and obesity[END_REF].

Normal-weight controls were referred to La Pitié-Salpêtrière Hospital, Sorbonne Université, to undergo CMR for various reasons (i.e., family screening) and had strictly normal CMR findings. Exclusion criteria for all participants included a history of heart disease, diabetes, hypertension, renal failure and contraindications to CMR. Ethical approval was obtained for the constitution of the cohort (CPP Ile de France 1-2014-mai-13577), and all participants and guardians or parents gave informed consent for this observational study.

Clinical data such as history of diabetes, hypertension, renal failure, height, weight and blood pressure were collected the day of the CMR scan or during a hospitalization shortly before CMR. Biological data extracted from medical records included total cholesterol, highdensity lipoprotein cholesterol and low-density lipoprotein cholesterol levels and assessment of insulin resistance (homeostasis model assessment [HOMA-IR]) [START_REF] Matthews | Homeostasis model assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man[END_REF]), considering a value > 3.16 as indicating insulin resistance [START_REF] Keskin | Homeostasis model assessment is more reliable than the fasting glucose/insulin ratio and quantitative insulin sensitivity check index for assessing insulin resistance among obese children and adolescents[END_REF].

CMR imaging

All participants underwent a routine clinical protocol performed with a 1.5-Tesla scanner (Optima MR450w; General Electric [GE], Waukesha, WI, or Magnetom Aera; Siemens Healthineers, Erlangen, Germany) that included steady-state free precession (SSFP) images in short-axis views and longitudinal two-and four-chamber views covering the whole heart. The imaging parameters were repetition time (TR) = 3.4-4.1 ms, echo time (TE) = 1.5- 

Assessment of cardiac volumes and function

Endocardial and epicardial contours of the LV and endocardial contour of the RV and LA were manually traced on end-diastolic and end-systolic phases by using Medis Suite 3.1.16.2 (Medis Medical Imaging Systems, Leiden, The Netherlands). Stroke volume was defined as the difference between end-diastolic volume (EDV) and end-systolic volume (ESV); the EF was the ratio between stroke volume and EDV. LV myocardial mass was calculated assuming a 1.05-g/mL myocardial density and was indexed to height (m 2,7 ) (LVMI) [START_REF] De Simone | Left ventricular mass and body size in normotensive children and adults: Assessment of allometric relations and impact of overweight[END_REF]. LA diastolic and systolic volumes were calculated by using the biplanar arealength method [START_REF] Madueme | Comparison of Area-Length Method by Echocardiography Versus Full-Volume Quantification by Cardiac Magnetic Resonance Imaging for the Assessment of Left Atrial Volumes in Children, Adolescents, and Young Adults[END_REF]. LA ESV was defined as the minimum volume in LA systole phase and LA EDV as the maximum volume in LA diastole phase.

Feature tracking

RV, LV and LA FT analyses involved using a dedicated CMR imaging FT software.

The FT algorithm developed on Matlab [START_REF] Lamy | Scan-rescan reproducibility of ventricular and atrial MRI feature tracking strain[END_REF] is based on the interface between the myocardium borders and the surrounding structures (blood and epicardial fat, respectively).

First, the endocardial borders of the LV, RV and LA were manually initialized on a single phase of the SSFP cine dataset. The epicardial contours were also initialized on the same phase for the LV. The initialized points were successively tracked in the adjacent time phases (Figure 1). Longitudinal (Ell) and circumferential (Ecc) myocardial strain were assessed from the long-and short-axis views, respectively. They were calculated as the temporal changes in longitudinal L(t) and circumferential C(t) lengths throughout the cardiac circle, relative to and normalized by their initial dimension L(t 0 ) and C(t 0 ): and .

Radial motion fraction (M r ) was defined as the temporal inward and outward change in radius R(t) relative to and normalized by its initial length R(t 0 ), calculated as the distance between the contour points and the endocardium center of mass: . The radial strain (Err) was calculated only for the LV on the short-axis view because the temporal myocardial thickness Th(t) changes during the cardiac cycle, relative to and normalized by its initial thickness Th(t 0 ) : .

Three main phases of LA strain were analyzed: reservoir function, conduit function and atrial contraction, all assessed with respect to both LA longitudinal strain (SL R , SL E and SL A , respectively) and LA radial motion fraction (MR R , MR E and MR A , respectively).

Reproducibility analysis

To quantify inter-rater reproducibility, strain measurements for all participants were assessed by two independent readers (EX and EB). The intra-rater reliability was evaluated by repeating strain measurements by the same observer (EX) within 4 months.

Statistical analysis

Descriptive results are given as percentages for categorical data and means (±standard deviation [SD]) or medians (interquartile range) for continuous variables, depending on the normality of their distribution as assessed graphically and by the Shapiro-Wilk test.

Associations between continuous BMI and CMR quantitative variables were assessed by Spearman's correlation coefficients by computing beta regression coefficients along with their corresponding 95% confidence intervals (95% CI) and p-values to reflect the effect of a one-unit increase in BMI on each dependent variable of interest. Correlation coefficients were represented as a correlation matrix showing all bivariate correlation coefficients as well as a correlation network plot built from those results to illustrate graphically the proximity (or distance) between variables depending on their correlation (or lack of). With these correlations, we used principle component analysis (PCA) to construct a Gabriel's Biplot visualization that combines both observations (participants, represented as dots) and variables (represented as arrows from PCA) in a common space [START_REF] Gabriel | The biplot graphic display of matrices with application to principal component analysis[END_REF], color-coding participants differently by study group to facilitate interpretation of their differentiated characteristics.

Inter-and intra-rater reliability was evaluated with Bland-Altman plots to determine mean bias and limits of agreement and intra-class correlation coefficients (ICC), considering ICC < 0.5 as indicating poor reliability, 0.5 to 0.75 moderate reliability, 0.75 to 0.9 good reliability, and > 0.9 excellent reliability [START_REF] Shrout | Intraclass correlations: uses in assessing rater reliability[END_REF][START_REF] Benchoufi | Interobserver agreement issues in radiology[END_REF].

A p-value < 0.05 was considered significant. Analyses were performed with Stata v15.1 (StataCorp, College Station, TX, USA) for descriptive and regression analyses and R v3.6.0 (R Foundation, Vienna, Austria) for correlation analyses and visualizations (qgraph, corrplot and pca3d packages).

Results

Demographic and clinical characteristics of patients

We included 48 children and adolescents ( 

Ventricular and left atrial deformation

Results for ventricular and atrial strain are presented in Table 3. 2). Analyzing correlations between strain parameters and BMI assessed as a continuous parameter confirmed these results (Additional Table 2).

Global analysis of correlations between BMI and cardiac parameters

All pairwise correlations between BMI and three-chamber cardiac parameters after adjusting for sex are depicted in 

Inter-and intra-rater reliability

Reproducibility results are shown in Additional Table 3. Inter-and intra-rater reliability was good to excellent for all main CMR measurements, with ICCs ranging from 79.1% to 97.7% and most values above the 90% threshold. Bland-Altman analysis revealed mean biases of limited magnitude (from -0.68 to +0.88) within rater groups.

Discussion

In this study, which included 45 children (25 normal-weight controls and 20 with severe obesity), we found that children and adolescents with severe obesity may present early and subclinical cardiac impairment detected by multi-chamber cardiac MRI. First, children with obesity showed reduced LA reservoir and contraction phase strain as compared with controls. Second, we observed dilated RV with altered RV strain in the obese group. Finally, as compared with controls, children with obesity had higher LVMI and LV average wall thickness with lower LVEF and showed signs of systolic dysfunction as radial LV strain was impaired by 12%. These alterations, particularly LA strain and EF, were highly correlated with BMI. To our best knowledge, this is the first study to use CMR to comprehensively assess LV, RV and LA geometry and function in children with severe obesity.

RV and LV altered geometry and function

Children with obesity presented RV dilatation as compared with controls, which is consistent with Labombarda et al., who also showed higher RV volumes in obese children by using echocardiography [START_REF] Labombarda | Alterations of left ventricular myocardial strain in obese children[END_REF]. This RV dilatation may be secondary to relative hypervolemia with a higher RV preload in obese patients. The RV systolic function was also impaired, with an altered RV free wall circumferential strain and radial motion fraction. The RV, contrary to the LV, is a compliant ventricle. An increase in filling volume will result in transversal dilatation to decrease wall stress. As the volume increases, the RVEF necessary to eject a given stroke volume also decreases, as does related strains driving RV contraction. Results for RV strain analysis with echocardiography and previously reported are inconsistent: Di Salvo et al. demonstrated reduced RV strain [START_REF] Salvo | Abnormal myocardial deformation properties in obese, non-hypertensive children: an ambulatory blood pressure monitoring, standard echocardiographic, and strain rate imaging study[END_REF] in an obese pediatric population and Barbosa et al.

showed no RV strain difference [START_REF] Barbosa | Assessing pre-clinical ventricular dysfunction in obese children and adolescents: the value of speckle tracking imaging[END_REF]. These apparently conflicting findings may result from technical limitations with echocardiography in obese patients owing to the angle-dependency of Doppler imaging and the physical interference of excess adiposity reducing image quality.

Our results for RV strain are consistent with those of Jing et al., who also found a RV systolic dysfunction by using CMR, measured as a 14% free wall longitudinal strain relative reduction [START_REF] Jing | Impaired right ventricular contractile function in childhood obesity and its association with right and left ventricular changes: a cine DENSE cardiac magnetic resonance study[END_REF].

In line with several previous studies, we also found increased LVMI and LV wall average thickness in children with obesity [START_REF] Jing | Cardiac remodeling and dysfunction in childhood obesity: a cardiovascular magnetic resonance study[END_REF][START_REF] Friberg | Increased left ventricular mass in obese adolescents*1[END_REF][START_REF] Jing | Ambulatory systolic blood pressure and obesity are independently associated with left ventricular hypertrophic remodeling in children[END_REF]. LV volumes were significantly higher in this obese population than in controls, which is consistent with the LV being less compliant than the RV. Furthermore, the LVEF also significantly differed between children with obesity and those with normal weight in our study, as did LV radial strain, which was reduced in children with obesity. Using echocardiography, studies also linked obesity to altered LV strain [START_REF] Barbosa | Assessing pre-clinical ventricular dysfunction in obese children and adolescents: the value of speckle tracking imaging[END_REF][START_REF] Koopman | Interaction between Myocardial and Vascular Changes in Obese Children: A Pilot Study[END_REF][START_REF] Barbosa | Strain Imaging in Morbid Obesity: Insights Into Subclinical Ventricular Dysfunction[END_REF][START_REF] Zhang | Preclinical cardiovascular changes in children with obesity: A real-time 3-dimensional speckle tracking imaging study[END_REF][START_REF] Saltijeral | Early myocardial deformation changes associated to isolated obesity: a study based on 3Dwall motion tracking analysis[END_REF]. Using CMR, Jing et al. demonstrated an altered LV systolic function because their obese population had lower LV longitudinal strain [START_REF] Jing | Cardiac remodeling and dysfunction in childhood obesity: a cardiovascular magnetic resonance study[END_REF]. Our results may confirm subclinical LV contractile dysfunction or reflect LV structural and functional remodeling related to obesity.

LA remodeling and dysfunction in obese children

Obese children showed altered LA function, which agrees with previous studies in adult obese populations [START_REF] Chirinos | Effect of Obesity on Left Atrial Strain in Persons Aged 35-55 Years (The Asklepios Study)[END_REF][START_REF] Evin | Impact of obesity and epicardial fat on early left atrial dysfunction assessed by cardiac MRI strain analysis[END_REF]. We found altered longitudinal and radial motion fraction strains in their reservoir and contraction phases in severely obese children, which is consistent with impaired LA compliance and booster function (Figure 2). This result might be secondary to increased LA loading conditions and LA wall stiffness linked to obesity [START_REF] Chirinos | Effect of Obesity on Left Atrial Strain in Persons Aged 35-55 Years (The Asklepios Study)[END_REF][START_REF] Paolo | Left Atrial Relaxation and Left Ventricular Systolic Function Determine Left Atrial Reservoir Function[END_REF] kg/m 2 . Our results suggest that in the context of severe obesity, there may be a threshold effect with decompensated LA contractile function, even in children. In addition, we observed no significant difference in LAEF between obese children and controls, which suggests the benefit of strain analysis to detect infra-clinical functional alterations related to obesity at an early age.

Strengths and limitations

Among the strengths of our study are its thorough and comprehensive CMR assessment of LV, RV and LA geometry and mechanics, which notably allowed for identifying correlated obesity-related alterations across chambers. This study has also limitations, including the relatively limited sample size. Although a resulting lack of statistical power cannot be ruled out, our study revealed a number of significant associations between BMI and CMR findings, consistent with previous reports. We also lacked the availability of several clinical data, in particular in the control group, regarding for example, body composition parameters such as the percentage of body fat that did not interfere with our main objective but that could have been valuable clinical parameters to correlate with our CMR findings [START_REF] Corden | Relationship between body composition and left ventricular geometry using three dimensional cardiovascular magnetic resonance[END_REF].

Conclusion

Children with severe obesity exhibit multi-chamber cardiac remodeling and dysfunction, characterized in our study by altered LA reservoir and contractile deformation as well as LV and RV geometry and function. These findings were subclinical and further support the value of CMR-FT strain measurements to reveal early signs of cardiac involvement in this setting. indicating an apparent partitioning between subgroups.
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 9 ms, flip angle = 60-80°, acquisition matrix = [128-224] x [96-224] mm 2 , Spacing between slices = 8-10 mm, slice thickness = 8-9 mm, temporal resolution = 14-47 ms (GE Optima MR450w); TR = 27-60 ms, TE = 1.2-1.3 ms, flip angle = 51-54°, acquisition matrix = [228-288] x [169-254] mm 2 , spacing between slices = 9-10 mm, slice thickness = 6-7 mm, temporal resolution = 18-48 ms (Siemens Magnetom Aera).

Figure 3 (

 3 correlation network) and Additional Figure 1 (correlation matrix). As shown by their close proximity within the correlation network (and by the corresponding elevated and statistically significant correlation coefficients in the correlation matrix), the strongest correlations with BMI were found for LVMI, LV longitudinal strain, RV free-wall radial motion fraction and circumferential strain, and LA reservoir phase in longitudinal strain. In addition, the plot demonstrated the correlations between RV and LV volumes (right part of the network). Biplot visualizations based on PCA are shown in Figure 4, illustrating the differentiated characteristics previously shown for the two study groups, with controls generally projecting on the upper right part of the plot along the axes of RV/LV/LA strain, thus indicating higher absolute values for these variables, and children with obesity projected on the bottom left, indicating decreasing strain values but increased thickness, LVMI and LV/RV volumes.
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Table 1 .

 1 21 with obesity and 27 controls with normal weight); 3 children were secondarily excluded because of poor image quality, which yielded a total sample of 45 children (20 with obesity and 25 with normal weight). Main clinical and demographic parameters of the two study groups are summarized in Table 1. Demographic and clinical characteristics of the study population Two had low high-density lipoprotein-cholesterol values. Mean HOMA-IR value for children with obesity was 3.2  1.3 (33% >3.16).

	Controls	Obesity	
	N=25	N=20	
	Mean (±SD)	Mean (±SD)	p-value

values of low-density lipoprotein (2.2  0.4 mmol/L) and total cholesterol (3.8  0.4 mmol/L).

Table 2 .

 2 None of the children had atrioventricular or ventriculo-arterial valve incompetence.

Table 2 .

 2 Cardiac geometry and functionAs compared with controls, children with obesity had a higher mean LVMI (28.7 5.1

	Control	Obesity	
	N=25	N=20	
	Mean (±SD)	Mean (±SD)	p-value

(94.5  17.9% vs 78.9  26.9, p = 0.031) and RVEDV (p = 0.037).

Comparison of LA parameters revealed significantly higher values for LA minimal volume in children with obesity than controls (30.1  11.5% vs 21.9  8.1%, p = 0.017) but no difference in LAEF.

Additional Table

1

shows the correlations between geometry and function parameters and BMI assessed as a continuous parameter, regardless of study group. This analysis confirmed previous results pertaining to associations between increasing BMI and greater LVMI, LV thickness, ventricular volumes and cardiac index but identified statistically significant associations between increasing BMI and increasing LA conduit volume (p-values <0.05).

Table 3 .

 3 Cardiac mechanics 6.4% vs 33.8 9%, p = 0.0007) and radial motion fraction (22.1 4.9% vs 29.6 5%, p < 0.0001) as well as a reduced atrial contraction phase, with no difference in conduit function (Figure

	Control	Obesity	
	N=25	N=20	
	Mean (±SD)	Mean (±SD)	p-value

with no difference found for LV circumferential strain and RV free wall longitudinal strain.

For LA strain, as compared with controls, children with obesity showed reduced reservoir function longitudinal strain

(24.2 

  . Regarding LA dysfunction, the only data available for comparison are those for adults with obesity. In adults with type 2 diabetes and obesity (mean BMI 39.7  5.8 kg/m²), Evin et al. showed significantly reduced LA longitudinal and radial motion fraction in the conduit phase, with reduced longitudinal strain rates (SRl E' /SRl A' ) and relative radial velocity (Vr E' /Vr A' )[START_REF] Evin | Impact of obesity and epicardial fat on early left atrial dysfunction assessed by cardiac MRI strain analysis[END_REF], which suggests an early stage diastolic dysfunction. However, we excluded children with diabetes from our study, and specific metabolic changes and diabetes-related cardiomyopathy with wall stiffening may explain this discrepancy. Unlike Chirinos et al., who found increased LA contraction function that may be compensating for an altered conduit phase function, we observed reduced LA contraction function, whether assessed on longitudinal strain or radial motion fraction in obese children. This discrepancy might be explained by the differences in studied populations. In our study, children presented severe obesity, with a mean BMI of 42.2 kg/m 2 , whereas in the Chirinos et al. study, adults with obesity had a mean BMI of 32.7
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