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Conclusion :

Les patients avec HTAP-CC semblent avoir le même mécanisme d'adaptation atrial que les patients avec HTAP d'autres causes. L'altération de RASR et de RASCD est un marqueur évolutif de l'HTAP, associé à plus de décès ou de transplantation, y compris pour l'HTAP-CC. Le strain atrial dans sa phase réservoir et conduit apparaît comme un nouveau paramètre d'intérêt pour stratifier la gravité de l'HTAP-CC, qui pourrait être un marqueur plus précoce de la gravité de la maladie.

INTRODUCTION

The incidence of congenital heart disease (CHD) is 9 per 1,000 newborns 1 2 . The prevalence of severe CHD decreases with the development of prenatal diagnosis. In parallel with the improvement of care, the mortality of patients with CHD is decreasing ; a majority of these patients are now adults [START_REF] Marelli | Lifetime Prevalence of Congenital Heart Disease in the General Population From 2000 to 2010[END_REF] .

On the other side, pulmonary arterial hypertension (PAH) is a common complication of CHD, with a prevalence in adults between 5-10% [START_REF] Gatzoulis | Pulmonary arterial hypertension associated with congenital heart disease: Recent advances and future directions[END_REF] . This has a significant impact on mortality and morbidity, increasing the burden of care for these patients. PAH may develops even after surgical or percutaneous repair (3%) [START_REF] Engelfriet | Pulmonary arterial hypertension in adults born with a heart septal defect: the Euro Heart Survey on adult congenital heart disease[END_REF] . The origin of PAH is multifactorial. It depends on the size and nature of the defect (and eventually the lack of repair) but also on genetic and environmental factors [START_REF] Pascall | Pulmonary hypertension in congenital heart disease[END_REF] .

Currently, despite a large number of studies, only right atrial's area and the presence of pericardial effusion are used as ultrasound prognostic tools in PAH 7 . The atria have a simpler geometric structure that is more accessible to non-invasive assessment, especially compared to the right ventricle (RV).

We can distinguish three phases in the cardiac cycle of the right atrium (RA) represented in Figure 1: -the reservoir phase that allows blood to be stored during ventricular systole with closed tricuspid valve -the conduit phase that consists of the passive transfer of blood from superior and inferior vena cava and coronary sinus to the RV during early ventricular diastole -the active contractile phase that represents the atrial contraction at the end of ventricle diastole participating in the filling of the RV. The most widely used method for studying the atria is 2D measurement. Speckle tracking imaging methods are being developed more and more, feasible for the study of both atria. RA strain has already been studied and described as impaired in PAH patients 9 10 . RA longitudinal peak strain was related to clinical severity and prognosis in PAH studies 11 12 .

The aim of the present study was therefore to assess bi-atrial function in patients with CHD-PAH, PAH of other etiologies (non-CHD-related-PAH -nPAH) and healthy controls; to identify differences between the 3 groups and potential prognostic markers. We also sought to study differences within the CHD-PAH cohort, between patients with pre-or post-tricuspid shunt, where timing of onset of PAH varies.

METHODS

Study design and population:

This is a multicenter, prospective study. We included patients with PAH associated with congenital heart disease (CHD-PAH) followed in 4 Volunteers without any significant respiratory or cardiac condition and matched for age and sex to the patients 'group were recruited from the outpatient clinic to serve as controls.

Inclusion criteria were a normal transthoracic echocardiography and sinus rhythm.

Echocardiographic measurements:

Echocardiographic examination was performed using different ultrasound systems (IE-33, EPIQ-7 or EPIQ-CVx (Philips Medical system, Andover, Massachusetts)). Doppler echocardiography was performed according to the recommendations of the European Association of Cardiovascular Imaging 13 14 15 .

Two 

Atrial speckle-tracking imaging:

The apical 4-chamber view was used for the atrial strain analysis using Tomtec CPA (TOMTEC Imaging Systems GmbH, Unterschleissheim, Germany). For the study of the strain in 2D of RA, we used the LA software and "switched" the image to trick the software. We then manually adjust the semi-automated tracing to adjust it to the LA / RA endocardial border. The software provided strain and strain rate data as well as atrial fractional area change and ejection fraction.

We studied the three different phases of RA and LA:

-the reservoir phase:

-for longitudinal strain, RASR and LASR (R for reservoir phase), the difference between the first positive deflection and the lowest deflection -the first positive deflection on the strain rate curve corresponding to the ventricular systole (Peak Longitudinal Strain Rate, PLSR)

-the conduit phase:

-for longitudinal strain, RASCD and LASCD (CD for conduit phase), the difference between the second deflection and the first deflection -the first negative deflection on the strain rate curve (Peak Early Diastolic Strain Rate, PEDSR) corresponding to early ventricular diastole -the active contractile phase:

-for longitudinal strain, RASCT and LASCT (CT for contractile phase), the difference between the lowest values and the second deflection -the second negative deflection on the strain rate curve (Peak Active Contraction Strain Rate, PACSR) corresponding to the late ventricle diastole.

Strain and strain rate parameters' measurement method is represented in Figure 2 and Table 1. [26,16 -32,20] and median LASR was 25,45% [24,48 -29,42]. Atrial strain and strain rate data are represented in Table 3.

Figure 2 Atrial phasic function and measurement

Comparison between PAH-CHD and healthy volunteers

There was no difference in age and sex ratio between PAH-CHD patients and healthy volunteers, comparisons are presented in Table 2. LVEF was similar among the 2 groups (p=0,102) but LV diameters were smaller in PAH-CHD patients (for LVEDD p=0,017, for LVESD p<0,001). RA was significantly larger in PAH-CHD (p<0,001 for RA area, RA EDV and ESV). RV function parameters were significantly impaired in PAH-CHD (for S' and TAPSE, p<0,001). Bi-atrial ejection fraction was lower as compared to controls (p<0,001 for both atria). No difference in LA size was observed.

Regarding atrial strain differences: LA and RA reservoir and conduit peak strain were impaired in patients: RASR, RA PLSR and RASCD were all decreased (p<0 ,0001). No difference in RA active contraction strain was observed (RASCT p=0,17) while peak active contraction Strain Rate (PACSR) was significantly decreased (p=0,039). Similar results were observed in the LA: decreased reservoir and conduit phases (for LASR, LASCD, LA PEDSR, p<0,001 and for LA PLSR p=0,001) but no significant difference for the active contraction phase (LASCT p=0,80, LA PACSR p=0,11). LA and RA active contraction phase seems preserved in patients with PAH-CHD.

Comparison between PAH-CHD and n-PAH :

N-PAH patients were older than PAH-CHD patients (p <0.0001) while patients were matched on sex (p=1). Clinical presentation on inclusion was similar (p=0.97 for NYHA class and for 6MWT). However a higher BNP level was observed in n-PAH patients (p = 0.005).

Regarding echocardiographic differences: LV diameters are larger in CHD-PAH while no difference in LA volumes or LVEF was observed; peak tricuspid valve s' was lower in n-PAH (p=0,015) while no difference in TAPSE, RA area and volumes was observed.

Regarding strain differences, no difference in LA and RA longitudinal strain was observed between CHD-PAH and n-PAH (p= 0,90 for RASR, p=0,17 for RASCD). For RA active contractile phase parameters, no significant difference in RASCT (p=0,28) was found whereas a slight but significant decrease in PACSR (p=0,04) was observed.

Differences within the CHD-PAH group:

The CHD-PAH sub-group analysis is represented in Table 4. Clinical and biological characteristics were similar in pre-and post-tricuspid shunt patients, except for the 6min walk test, increased in the pre-tricuspid shunt group (p=0,025). Standard echocardiographic parameters were similar between both groups. Regarding strain parameters, all LA strain components, RA reservoir and active contraction strain were similar in both groups. RA conduit strain was impaired in in post-tricuspid shunt patients, p=0,023 (RASCD -19,94% vs -14,47%). 

Survival analysis :

Over a median follow-up of 34 months, the adverse outcome occurred in 28 patients: in 7 patients with PAH-CHD and in 21 patients with n-PAH.

Univariate analysis.

Regarding generic risk factors, PAH-CHD (as opposed to n-PAH) is a protective factor (HR 0,41 [0,17 -0,98]). Whereas the shunt category doesn't influence the patients 'outcome (p=0,72). NYHA class and BNP are also associated with adverse outcomes (HR 3,43 [1,38 -8,53] for BNP>100pg/mL and HR 6,47 [1,45 -28,90] for NYHA>3).

As expected, RA area and pericardial effusion were significantly associated with mortality or transplantation, respectively HR 2,34 [1,02 -5,34] and HR 2,92 [1,23 -6,91].

Impaired RA ejection fraction (<30%) was also associated with the outcome (HR 2,54 [1,21 -5,35]).

LA impaired reservoir and conduit strain was associated with death or transplantation (LASR: HR 0,95 [0,91 -0,99] and LASCD HR 1,06 [1,01 -1,12]). LA active contraction strain was not associated with outcome.

RA decreased reservoir and conduit strain are associated with death or transplant: RASR HR 0,94 [0,91-0,98], RA PLSR HR 0,32 [0,11-0,94]; RASCD HR 1,08 [1,03-1,14]. No significant association with outcome was found for the active contraction phase. Univariate analysis results are represented in a Forest Plot (Figure 3).

Multivariate analysis.

When adjusted only on echocardiographic parameters, RASR is the only independent predictor of outcomes: RASR≤30%, HR 3,1 [1,33 -7,13], in particular independently from RA area.

On multivariate "classic" analysis, BNP is associated with death or transplant (BNP>138pg/mL, HR 4,59 [1,62 -13,00]). Decreased RA reservoir and conduit strain are independently associated with outcomes: RASR≤30%, HR 3,47 [1,52 -7,92]; RASCD>-8% HR 3,13 [1,04 -9,42]; RA PEDSR HR 7,52 [1,55 -39,9]. LA reservoir and conduit phase were not associated with outcomes on multivariate analysis. Multivariate analysis Forest plot is presented on Intra-observer variability: Concordance correlation coefficients for RASR, RASCD, RASCT, were respectively 0,93, 0,92 and 0,73. For LASR, LASCD and LASCT, concordance correlation coefficients were respectively 0,86, 0,87 and 0,80. For strain rate parameters, mean intra observer variability concordance correlation coefficient was 0,79.

Inter-observer variability. Concordance correlation coefficients for RASR, RASCD, RASCT, were respectively 0,95, 0,87 and 0,92. For LASR, LASCD and LASCT, concordance correlation coefficients were respectively 0,96, 0,87 and 0,76. For strain rate parameters, mean intra observer variability concordance correlation coefficient was 0,76.

DISCUSSION

In this prospective, multicenter study, reservoir and conduit atrial strain parameters are impaired in patients with CHD-PAH. The active contractile phase is preserved in both PAH groups. This is the first study aiming to investigate atrial strain in CHD-PAH patients. RA reservoir and conduit strain are independently associated with outcomes in our PAH cohort, RASR ≤30% and RASCD>-8% each identify patients with more than 3-fold-increased risk of death and transplant.

Clinical severity with increased BNP, NYHA class, a dilated right atrium and pericardial effusion were statistically associated with outcomes. This is consistent with current knowledge 1613 . Congenital heart disease appears to be a protective factor for mortality in PAH patients.

Decreased RA EF <30% is significantly associated with more death or transplantation in our cohort. In a previous MRI study (Darsaklis et al) [START_REF] Darsaklis | Right atrial emptying fraction noninvasively predicts mortality in pulmonary hypertension[END_REF] investigating 160 group 1 and 5 PH patients, RA EF had a robust inverse association with death (HR per 5 % change in RA EF: 0,83[0,73-0,94]). We hereby provide the first echocardiographic data on RA EF and PAH prognosis using the speckle tracking technique.

Analyzing atrial strain, we observed that RA reservoir and conduit strain are independently related to the composite endpoint, even when adjusted on the atrial area. The atrial phasic function independence from the volume status has been previously suggested in the LA. In a retrospective cohort (Huynh et al) of 195 patients with LA dilatation, LA volumes, LA strain and LV filling pressure were measured at baseline and after medical therapy or surgery for valvular heart disease. Normalized or improved LV filling pressure at follow-up was not associated with normalization of LA volumes but was associated with normalized LA strain independently of LA volumes [START_REF] Huynh | Functional and Anatomic Responses of the Left Atrium to Change in Estimated Left Ventricular Filling Pressure[END_REF] . LA function has already been described as a reflect of LV diastolic dysfunction in a JACC state of art review [START_REF] Thomas | Left Atrial Structure and Function, and Left Ventricular Diastolic Dysfunction[END_REF] . In our study, we confirm on the right side, the independence of atrial strain from atrial area and volumes.

Impaired reservoir and conduit phase are the reflect of RV diastolic dysfunction and especially RV relaxation and chamber stiffness. Both RV and LV diastolic dysfunction have been suggested in previous studies. Singh et al [START_REF] Singh | Abstract 19958: Occult Left Atrial Dysfunction in Severe Pulmonary Arterial Hypertension: A Novel Application of Left Atrial Strain[END_REF] Physiologically, we now know that the RV to answer an increase in afterload adapts by thickening, rigidifying but maintaining its systolic function [START_REF] Haddad | Right Ventricular Function in Cardiovascular Disease, Part I: Anatomy, Physiology, Aging, and Functional Assessment of the Right Ventricle[END_REF] . RV pressure overload generates excessive RV hypertrophy, fibrosis, and tissue remodeling, with subsequent impairment of RV relaxation and diastolic function. Facing the increase in RV end-diastolic pressure, the RA adapts with an increase in contractility (active contraction phase) and distensibility (reservoir phase) to maintain the filling of the RV. This adaptative mechanism was found in animal experimentation 25 26 . When causing an acute pulmonary artery occlusion, the RA reservoir phase becomes predominant compared to the conduit or active contraction. This is also reproduced by inducing chronic PAH over three months in dogs who thus presented an increased reservoir but decreased conduit function. A reservoir phase alteration identified in the course of PAH would suggest a failure in the RA adaptation, and therefore an adverse turning point in the disease course.

The assessment of atrial strain in open atrial septal defect (ASD) patients is challenging but we choose to trace as usual in 4-chamber view, and as the defect is not always seen on the apical view, our data were interpretable. In the case of a large defect in apical view, there was no endocardial tracing in the area of the ASD to exclude the defect. Indeed, pre-tricuspid shunt patients had similar reservoir strain as post-tricuspid shunt patients, suggesting that our method was applicable to ASD patients. Post-tricuspid shunt patients had reduced RA conduit strain suggesting that long term RV pressure overload leads to impaired passive RA emptying. This is consistent with previous data suggesting impaired diastolic function in classic Eisenmenger patients, despite preserved systolic function 27 28 . Despite the prognosis difference between CHD-PAH and n-PAH, there was no significant difference in atrial function. This might be explained by the long-standing high pulmonary pressures in CHD-PAH patients associated with RV diastolic dysfunction but preserved RV systolic function with the "RV fetal phenotype" [START_REF] Haddad | Right Ventricular Function in Cardiovascular Disease, Part II: Pathophysiology, Clinical Importance, and Management of Right Ventricular Failure[END_REF] .

Limitations

Considering RA strain reproducibility, the inter-and intra-observer variability has been described between 6 and 12% [START_REF] Padeletti | Reference Values of Right Atrial Longitudinal Strain Imaging by Two-Dimensional Speckle Tracking: Right Atrial Longitudinal Strain Reference Values[END_REF] . In our study, for both atria, inter-and intra-observer variabilities were clinically acceptable for longitudinal strain parameters, but not for strain rate parameters. That may explain why most studies only investigate atrial strain, especially reservoir strain. The variability may also vary according to the used software. Furthermore, conduit and active contraction strain parameters were manually measured, whereas it could have been done automatically performed with other software, thus improving the variability

The software used was made to study the LA and we had to switch the image to study the RA but to date, there is no available RA dedicated software and the anatomy of the RA resemble the LA so that the results might not be influenced by an anatomic "a priori". Even with manual measures, we managed to study all the three phases as recommended by EACVI. Our measures are consistent with other studies. In our healthy group, RA longitudinal strain values are similar with healthy volunteers' values in Peluso et al study [START_REF] Peluso | Right atrial size and function assessed with threedimensional and speckle-tracking echocardiography in 200 healthy volunteers[END_REF] . Prieto et al also found an alteration of the reservoir and conduit phase of the RA but a preserved contractile phase, in a study with patients with PAH and a large proportion (36%) of patients with Eisenmenger syndrome 32 .

To compare our patients, we choose to match on age and sex healthy volunteers and CHD-PAH patients. Unfortunately, given our current cohort of n-PAH patients we could only try to match th n-PAH patients on sex and on a 10-years range group. Thus, the n-PAH patients were significantly older than CHD-PAH patients. This was expected given the natural history of n-PAH that develops later in life. Atrial strain in its reservoir and conduit phases appears of great interest for the risk stratification of PAH including CHD-PAH. This might be an early marker of poor prognosis.

CONCLUSION

Automatic atrial strain software may help the development of future studies, in particular to study the impact of advanced therapy on atrial function.
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  different staff cardiologists with advanced training in echocardiography, blinded to other results and to each other, interpreted 2D-echo datasets. Three consecutive cycles were averaged for every parameter. Left atrial area, right atrial area, LV end-diastolic and endsystolic diameter, LVEF were measured. The tricuspid annular peak systolic velocity (s') was obtained by placing a tissue Doppler sample volume at the lateral tricuspid annulus. Tricuspid annular plane systolic excursion (TAPSE) was measured using M-mode from the tricuspid lateral annulus. The gradient between RV and right atrium (RA) was derived from the peak flow velocity of the tricuspid regurgitation (TR).

Figure 4 .

 4 Kaplan-Meier curves for RASR and RASCD are presented in Figure 5.
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 3456 Figure 3 Univariate analysis forest plot

  Alteration of RA reservoir or conduit strain (RASR or RASCD) indicate a 3-fold increased risk of death or transplantation in our PAH population including both CHD-and n-PAH. Patients with CHD-PAH present the same degree of RA function impairment as compared to n-PAH but are still relatively preserved from adverse outcomes. Despite the impaired atrial function, the preserved RV function previously described in this group may explain their survival advantage.
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	RESUME
	Introduction : L'hypertension artérielle pulmonaire (HTAP) est une complication fréquente
	des cardiopathies congénitales (CC), avec une prévalence chez l'adulte de 5 à 10%. Ceci a un
	impact sur la mortalité et la morbidité, augmentant la charge en soins de ces patients. Les
	oreillettes présentent une structure géométrique plus simple et plus accessible à une évaluation
	non invasive, notamment par rapport au ventricule droit. Le strain atrial a déjà été étudié chez
	les patients avec une HTAP, son altération est associée à une plus grande sévérité clinique et à
	un pronostic péjoratif. Le but de notre étude était donc d'évaluer la fonction bi-atriale chez les
	patients atteints d'HTAP-CC, d'HTAP d'autres étiologies et de témoins sains ; d'identifier les
	différences entre les 3 groupes et les marqueurs pronostiques potentiels atriaux dans cette
	population de patients.

Méthode et Résultats : Nous

  avons inclus dans cette étude prospective de cohorte, 65 patients présentant une HTAP-CC, 67 patients avec une HTAP d'autres causes et 65 témoins appariés sur l'âge et le sexe par rapport au groupe d'HTAP-CC. Une échocardiographie et une évaluation clinique ont été réalisées. Le strain et strain rate des trois phases atriales ont été mesurés pour les deux oreillettes à partir d'une coupe 4-cavités. Nous avons étudié comme paramètre pronostic un critère composite : décès et transplantation. Les paramètres du strain atrial sont diminués

  specialized centers. Clinically stable PAH patients were prospectively enrolled into a standardized echocardiographic protocol during two different periods: from March 2011 to March 2014 and from January 2017 to February 2020. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki. If they consented to the study after appropriate information, patients were included in the study.

Pulmonary hypertension was diagnosed according to right heart catheterization data, when mean pulmonary artery pressure at rest was >25 mmHg and the pulmonary capillary wedge pressure was < 15 mmHg. Patients with CHD-PAH were matched on sex and age to a control "healthy volunteer" group and to a group of patients with PAH not related to CHD.

Patients with poor acoustic windows or complex congenital heart disease such as univentricular heart and systemic right ventricle were excluded from this study in order to standardize the echocardiographic analysis and facilitate the interpretation of echocardiographic parameters. Demographic, clinical data (age, gender, diagnosis, NYHA class, specific advanced therapy), BNP plasma levels (Beckman Access 2, Triage BNP assay (Biosite Diagnostics Inc, San Diego, California, USA)) and 6-minute walk test distance were also collected at baseline (time of echocardiography, qualifying the patient for inclusion).

Follow-up was considered from the date of echocardiography and continued until patients either died/were transplanted or reached the end of the study (closure of 1 st follow-up was realized in June 2015 with the 1 st cohort, closure of the 2 nd period was realized in 2021). Clinical outcome included mortality related to PAH or transplant.

Table 1 Atrial phasic strain and strain rate parameters

 1 Statistical analysis was performed using MedCalc Statistical Software version 19.4.0 (MedCalc Software Ltd, Ostend, Belgium). The continuous variables distributed according to the normal distribution were expressed as mean ± standard deviation, the other quantitative variables as median [95% confidence interval]. Qualitative variables were expressed as number of subjects (percentage). Differences between continuous variables were analyzed by Wilcoxon test. Qualitative data were compared using Fisher's test.The association between the different parameters studied and transplant-free survival was assessed using univariable and multivariable Cox proportional hazard regression analysis, using the date of echocardiography as start date. Multivariate survival analysis was performed

	Parameter	Reservoir phase	Conduit phase	Active contraction phase
	Longitudinal	RASR and LASR	RASCD and LASCD	RASCT and LASCT
	Strain			
	Strain Rate	Peak Longitudinal	Peak Early Diastolic	Peak Active Contraction
	(SR)	Strain Rate	Strain Rate	Strain Rate
		(PLSR)	(PEDSR)	(PACSR)

twice: 1/ including all univariate echocardiographic predictors of outcomes 2/ including previously described predictors of outcomes: NYHA class, BNP, 6MWT, CHD-PAH, pericardial effusion and RA area. In addition, receiver operating characteristics curve was used to derive the best cut-off value to predict survival. Variability was assessed by intra-class correlation analysis; a good agreement being defined by an intra-class correlation coefficient >0.80. For all analyses, statistical significance was defined as p<0.05.

RESULTS

1. Population characteristics :

Population characteristics are represented in

Table 2 .

 2 Results of strain measurements are presented in Table3. A total of 197 patients were included: 65 patients with PAH-CHD

	(29% with pre-tricuspid shunt, 62% with post-tricuspid shunt), 67 patients with n-PAH and 65
	healthy volunteers.
	In the PAH-CHD group, the median age was 38 years [36,00 -43,97], 65% of patients
	were women. Underlying congenital heart condition in CHD-PAH patients was atrial septal
	defect in 19(29%), ventricular septal defect in 23(35%), complete atrio-ventricular septal defect
	in 12(18%), arterial duct in 4(0,06%), common arterial trunk in 1(0,01%) and repaired shunt in
	6(0,1%). PAH-CHD patients were all symptomatic, 40% of them had a functional NYHA class
	3 or 4 and overall their median 6MWT distance was 359 meters ±131 on inclusion. Median
	In n-PAH, median age upon inclusion was 58 years [51,11 -58,42]. Sixty-five per cent
	of patients were women. Forty per cent had a class NYHA>2, medium 6MWT distance was
	373 meters ±116. Median BNP was 96 pg/mL [69,35 -213,78]. Patients were treated according
	to ESC Guidelines. Regarding echographic parameters, mean TAPSE was 20 mm ±5,83. The
	median RA area was 23cm 2 [20,01 -25,99], 13% had pericardial effusion. Median RASR was
	30,11%

BNP was 58 pg/ml

[71,94 -132,38]

. Regarding echocardiographic parameters, mean TAPSE was 20 mm ±5,47, median RA area was 21cm 2 [ 19,85 -23,95], 12% had pericardial effusion.

Median RASR was 29,67%

[27,34 -31,91

] and median LASR was 25,62%

[25,95 -30,95]

.

Atrial strain and strain rate data are represented in Table

3

.

Table 2 Population characteristics

 2 

		Group 1	Group 2	Group 3	p	p
		Congenital PAH	Control PAH (n=67)	Healthy (n=65)	1 vs 2	1 vs 3
		(n=65)				
			Clinical, biological and invasive characteristics		
	Age (years)	38 [36,00 -43,97]	58 [51,11 -58,42]	36 [35,38 -42,20]	<0,0001	0,69
	Women	65%	65%	65%	1	1
	NYHA Class>2	40%	40%		0,97	
	BNP (pg/mL)	58	96		0,006	
		[71,94 -132,38]	[69,35 -213,78]			
	6MWT (m)	359 ±131	373 ±116		0,50	
	mPAP by catheterism	57,50	45,00		0,07	
	(mmHg)	[34,97 -84,03]	[41,41 -49,68]			
			2D echographic parameters		
	LVEF (%)	66,87	65,00	62,70	0,44	0,102
		[61,26 -69,97]	[62,60 -66,99]	[61,49 -64,81]		
	LVEDD (mm)	42,50	46,00	45,00	0,013	0,017
		[39,15 -44,03]	[43,75 -47,91]	[43,47-46,93]		
	LVESD (mm)	24,00	28,00	33,11	0,032	<0,0001
		[21,66 -25,54]	[24,72 -29,28]	[29,03-37,19]		
	TAPSE (mm)	19,55 ±5,47	19,63 ±5,83	25,21 ±3,41	0,82	<0,0001
	RA area (cm²)	21,00	23,00	14,12 ±3,51	0,13	<0,001
		[19,85 -23,95]	[20,01 -25,99]			
	Pericardial effusion	12,3%	13,2%		0,87	
	S'(cm/s)	10,47 ±2,30	11,66 ±2,75	13,59 ±1,70	0,015	<0,0001
	Max TRv (m/s)	4,82	4,03	2,13	<0,0001	<0,0001
		[4,08 -8,45]	[3,73 -4,09]	[2,08 -2,21]		
	Peak RV-RA Gradient	91,50	63,00	18,00	<0,0001	<0,0001
	(mmHg)	[82,71 -97,59]	[57,97 -68,81]	[17,47 -19,72]		
			EF and volumes		
	RA EF Right Atrial	34,04 ±10,31	35,84 ±13,37	46,89 ±10,68	0,49	<0,0001
	(%)					
	RA	56,24	59,26	26,37	0,73	<0,0001
	EndDiastolicVolume	[53,59 -76,04]	[55,59 -84,85]	[26,57 -32,33]		
	(mL)					
	RA	90,68	94,23	52,57	0,46	<0,0001
	EndSystolicVolume	[81,76 -113,80]	[87,12 -120,12]	[50,96 -60,41]		
	(mL)					
	RA FAC (%)	28,60 ±8,13	30,00 ±11,11	40,74 ±8,04	0,47	<0,0001
	LA EF (%)	41,19 ±12,19	41,56 ±13,30	53,40 ±9,71	0,81	<0,0001
	LA	26,19	31,29	26,56	0,12	0,67
	EndDiastolicVolum	[24,34 -34,82]	[29,17 -36,87]	[23,71 -28,92]		
	(mL)					
	LA EndSystolicVolum	44,18	53,56	56,27	0,030	0,013
	(mL)	[42,88 -56,31]	[50,85 -62,20]	[51,29 -60,80]		
	LA FAC (%)	30,58 ±9,46	31,05 ±10,26	41,34 ±8,03	0,70	<0,0001

Table 3 Atrial strain and strain rate results

 3 

		Group 1	Group 2	Group 3	p	p
		PAH-CHD (n=65)	Control PAH	Healthy (n=65)	1 vs 2	1 vs 3
			(n=67)			
			RIGHT ATRIAL STRAIN		
			Reservoir phase		
	RASR	29,67	30,11	44,15	0,90	<0,0001
		[27,34 -31,91]	[26,16 -32,20]	[42,10 -47,39]		
	RA PLSR	1,07	1,14	1,56	0,44	<0,0001
		[1,00 -1,17]	[1,06 -1,19]	[1,48 -1,66]		
			Conduit phase		
	RASCD	-15,85	-13,76	-28,52	0,17	<0,0001
		[-18,09 --14,40]	[-16,61 --12,25]	[-31,98 --27,48]		
	RA PEDSR	-0,61	-0,57	-1,27	0,29	<0,0001
		[-0,76 --0,55]	[-0,69 --0,42]	[-1,36 --1,16]		
			Active contraction phase		
	RASCT	-13,50	-14,61	-14,26	0,28	0,17
		[-14,74 --12,06]	[-16,26 --13,08]	[-16,12 --13,82]		
	RA PACSR	-1,04	-1,28	-1,17	0,04	0,039
		[-1,21 --0,98]	[-1,55 --0,92]	[-1,29 --1,12]		
			LEFT ATRIAL STRAIN		
			Reservoir phase		
	LASR	25,62	25,45	36,16	0,53	<0,0001
		[25,95 -30,95]	[24,48 -29,42]	[35,58 -41,38]		
	LA PLSR	1,00				
		[0,99 -1,23]				

Table 4 Pre-vs Post-tricuspid shunt patients
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		Pre-tricuspid shunt	Post-tricuspid shunt	p
		(n=19)	(n=40)	
		Clinical, biological and invasive characteristics
	Age (years)	41,67 ±18,75	39,83 ±14,56	0,63
	Women	74%	63%	0,52
	NYHA Class>2	50%	42%	0,09
	BNP (pg/mL)	71 [61,88 -163,00]	65 [61,91 -149,70]	0,42
	6MWT (m)	402 ±82,52	318 ±124,43	0,025
	TR Max V (m/s)	4,84 [2,21 -11,50]	4,84 [4,68 -5,08]	
	Peak RV-RA gradient (mmHg)	89,65 ±28,16	96,68 ±22,02	0,33
		2D echographic parameters	
	LVEF (%)	67,70 ±11,75	62,80 ±12,61	0,35
	LVEDD (mm)	38,63 ±7,79	42,53 ±9,50	0,12
	LVESD (mm)	22,07 ±6,95	25,45 ±6,04	0,16
	TAPSE (mm)	21,25 ±6,08	19,03 ±5,20	0,20
	RA area (cm²)	26,23 ±11,59	20,30 ±5,50	0,13
	Pericardial effusion	5%	18%	0,26
	S'(cm/s)	10,87 ±2,45	10,13 ±2,13	0,31
			EF and volumes	
	RA EF(%)	36,33 ±10,33	33,80 ±10,69	0,44
	RA EndDiastolicVolume(mL) 58,96 [44,95 -107,18]	55,67 [49,60 -72,25]	0,55
	RA EndSystolicVolume(mL) 98,21 [72,57 -162,47]	85,97 [76,07 -107,43]	0,37
	RA FAC(%)	30,86 ±8,02	28,20 ±8,32	0,34
	LA EF(%)	42,71 ±15,29	40,05 ±10,55	0,60
	LA EndDiastolicVolume(mL)	34,34 ±30,42	27,87 ±13,53	0,97
	LA EndSystolicVolume(mL) 45,92 [37,24 -74,60]	41,33 [38,74 -53,02]	0,40
	LA FAC(%)	33,04 ±11,77	29,26 ±8,26	0,37
		Longitudinal strain parameters	
	RASR 29,67 [27,12 -32,12]	30,76 [25,83 -43,07]	0,10
	RASCD -19,94 [-27,96 --14,42] -14,47 [-16,26 --12,33]	0,023
	RASCT -13,73 [-15,44 --11,75] -14,33 [-16,71 --10,42]	0,85
	LASR 29,13 [18,89 -42,69]	25,07 [22,80 -27,51]	0,37
	LASCD -19,69 [-25,14 --11,44] -13,81 [-15,11 --12,01]	0,14
	LASCT -10,99 [-15,96 --9,01]	-12,33 [-14,12 --9,88]	0,78
		Strain rate parameters	
	RA PLSR	1,11 ±0,38	1,11 ±0,32	0,93
	RA PEDSR	-0,54 [-0,81 --0,43]	-0,62 [-0,83 --0,53]	0,73
	RA PACSR	-1,16 [-1,41 -0,99]	-0,96 [-1,22 --0,91]	0,19
	LA PLSR	1,18 [0,98 -1,47]	1,00 [0,92 -1,23]	0,24
	LA PEDSR	-0,85 [-1,13 --0,54]	-0,62[-0,90 --0,63]	0,81
	LA PACSR	-1,02 [-1,32 --0,74]	-0,98 [-1,15 --0,82]	0,78

  found an impaired LA strain in patients with severe PAH, without LA dilation, suggesting subclinical LV diastolic dysfunction whereas Richter et al.[START_REF] Richter | Association of right atrial conduit phase with right ventricular lusitropic function in pulmonary hypertension[END_REF] identified a decrease in right atrial conduit phase with RV lusitropy alteration.Besides dilatation, the intrinsic atrial function mostly reflects RV diastolic dysfunction and is a candidate for the early prediction of RV maladaption and thus PAH severity. Our study confirms the independent prognosis role of RA function, independently from other known echo predictors of outcomes: pericardial effusion and right atrial area. This is consistent with others studies, where decreased right atrial strain is associated with mortality in PAH patients: Alenezi et al. found that decreased reservoir and conduit phases of RA in 63 patients with PAH were statistically associated with mortality and hospitalization[START_REF] Alenezi | Clinical Utility and Prognostic Value of Right Atrial Function in Pulmonary Hypertension[END_REF] . D'Alto et al.[START_REF] D'alto | Right atrial function and prognosis in idiopathic pulmonary arterial hypertension[END_REF] , in 104 idiopathic PAH patients identified poorer reservoir, conduit and contractile function in patients who experienced clinical worsening (death, lung transplantation, initiation of intravenous or subcutaneous prostanoids, or worsening of PAH). On the latter, we found opposite data on active contractile function but our endpoint was different: death or transplantation as compared to a larger definition of clinical worsening.

ABSTRACT

Introduction : Pulmonary arterial hypertension (PAH) is a frequent complication of congenital heart disease (CHD). PAH has a major impact on mortality and morbidity, rising the burden of care in CHD patients. Atrial strain, already studied in PAH patients, has been related to clinical severity and adverse outcomes. The aim of the present study was therefore to assess the prognostic role and compare bi-atrial function in patients with CHD-PAH, PAH from other causes (n-PAH) and healthy controls.

Methods and Results :

We included in this prospective cohort study 65 patients with CHD-PAH, 67 patients with n-PAH and 65 healthy volunteers matched on sex and age to CHD-PAH patients. Transthoracic echocardiography, clinical assessment, BNP measurement and 6MWT were performed at baseline. Classic echocardiographic measurements and atrial function studying the 3 different phases strain and strain rate were measured in both. Atrial strain parameters are decreased in patients with CHD-PAH as compared to healthy volunteers, especially the right atrial (RA) reservoir (RASR 29,67% vs 44,15%, p<0,0001) and conduit phase (RASCD -15,85 vs -28,52, p<0,0001), but also left atrial (LA) reservoir and conduit phases. Active contractile phase seems preserved in both PAH group. Atrial function was comparable between CHD-PAH and n-PAH patients. On univariate analysis, congenital heart disease, NYHA class, BNP, LVEDD, TAPSE, RA area, pericardial effusion, RA ejection fraction, RASR, RASCD, LASR were significantly associated with death and/or transplant. On multivariate analysis, BNP, pericardial effusion, RA ejection fraction, RASR and RASCD were independently associated with death or transplantation. RA reservoir (RASR≤30%)or conduit (RASCD>-8%) strain identified patients with a more than 3-fold-increased risk of death or transplant.

Conclusion :

Patients with CHD-PAH do not differ in atrial adaptation in comparison with n-PAH. Impaired RASR and RASCD identify high risk PAH patients. RA conduit or reservoir function impairment represent a severity marker of PAH, including in patients with CHD-PAH suggesting the importance of RV diastolic dysfunction. This might be an early marker of poor prognosis. Those new parameters of interest should be studied further.
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