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Right Ventricular Load Adaptability Metrics in Patients Undergoing Left Ventricular Assist Device Implantation
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Objective: Several right load adaptability metrics have been proposed as predictors of right heart failure (RHF) following left ventricular assist device (LVAD) implantation. This study sought to validate and compare the prognostic value of these indices. Methods: This retrospective study included 194 patients undergoing continuous-flow LVAD. The primary endpoint was unplanned right atrial assist device (RVAD) need within 30 days post-LVAD; the secondary endpoints included clinical RHF syndrome without RVAD need and the composite of RHF or RVAD need. Load adaptability indices or interventricular ratios were divided into surrogates of ventriculo-arterial coupling (RV area change/end-systolic area), indices reflecting adaptation proportionality (Dandel's index = tricuspid regurgitation velocitytime integral normalized for average RV radius in diastole or systole) and simple ratios (e.g. pulse pressure/right atrial pressure PP/RAP or RAP/pulmonary arterial wedge pressure RAP/PAWP). Results: Mean age was 55 ±13 years with 77% of males. RHF occurred in 75 patients with 30 patients requiring RVAD. Among right heart metrics, RAP (normalized odd ratio: 1.62 [1.15-2.38]), RAP/PAWP (1.59 [1.08 -2.32]) and PP/RAP<2.0 (2.56 [1.16-5.56]) were associated with RVAD need (all p>0.02). These three metrics significantly added incremental prognostic value to the INTERMACS in a similar range, while only RAP was incremental to the Michigan score. Correlates of RHF not requiring RVAD included RV end-systolic area index and the Dandel indices, which provided similar incremental value to the INTERMACS, Michigan and EUROMACS scores. Conclusion: While associated with outcome, right load adaptability indices do not appear to provide strong incremental value when compared to simple metrics.
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Glossary of Abbreviations

EUROMACS

Perspective Statement

Integrating both invasive and non-invasive right heart metrics, this study contributes to the simplification of prognostic markers of right heart failure post-continuous-flow LVAD implantation. Our findings highlight the strong prognostic value of right atrial pressure for prediction of RVAD need post-LVAD and of right ventricular end-systolic dimensions for prediction of clinical right heart failure not requiring RVAD.

Introduction

Right heart failure (RHF) represents a major complication following continuous-flow left ventricular assist device (LVAD) implantation leading to high morbi-mortality. [START_REF] Patlolla | Right-ventricular failure following left ventricle assist device implantation[END_REF][START_REF] Kiernan | Preoperative three-dimensional echocardiography to assess risk of right ventricular failure after left ventricular assist device surgery[END_REF][START_REF] Larue | Clinical outcomes associated with INTERMACS-defined right heart failure after left ventricular assist device implantation[END_REF][START_REF] Bartfay | Are biventricular assist devices underused as a bridge to heart transplantation in patients with a high risk of postimplant right ventricular failure?[END_REF] As predicting RHF remains challenging, [START_REF] Lampert | Right ventricular failure after left ventricular assist devices[END_REF] several studies have explored hemodynamic or echocardiographic indices of right heart load adaptability. [START_REF] Dandel | Load dependency of right ventricular performance is a major factor to be considered in decision making before ventricular assist device implantation[END_REF][START_REF] Guazzi | Tricuspid annular plane systolic excursion and pulmonary arterial systolic pressure relationship in heart failure: an index of right ventricular contractile function and prognosis[END_REF][START_REF] Grandin | Right ventricular response to pulsatile load is associated with early right heart failure and mortality after left ventricular assist device[END_REF][START_REF] Soliman | Derivation and Validation of a Novel Right-Sided Heart Failure Model After Implantation of Continuous Flow Left Ventricular Assist Devices: The EUROMACS (European Registry for Patients with Mechanical Circulatory Support) Right-Sided Heart Failure Risk Score[END_REF] Right load adaptability however refers to different concepts as illustrated in Figure 1. [START_REF] Amsallem | Load Adaptability in Patients with Pulmonary Arterial Hypertension[END_REF] The first concept, ventriculo-arterial coupling, is usually measured as the ratio of ventricular to arterial elastance using invasive pressure-volume analysis. [START_REF] Boulate | Pulmonary Circulatory -Right Ventricular Uncoupling: New Insights Into Pulmonary Hypertension Pathophysiology[END_REF] Approximations have been proposed, such as the stroke volume /end-systolic volume ratio, however assuming that volume at pressure 0 passes through the origin. [START_REF] Trip | Accurate assessment of load-independent right ventricular systolic function in patients with pulmonary hypertension[END_REF] The second concept assesses whether ventricular dysfunction or enlargement is "proportional or not" to the load imposed on. It is based on the "adaptation/load" concept of the proportionality of right ventricular (RV) remodeling to wall stress. [START_REF] Dandel | Load dependency of right ventricular performance is a major factor to be considered in decision making before ventricular assist device implantation[END_REF][START_REF] Amsallem | Load Adaptability in Patients with Pulmonary Arterial Hypertension[END_REF] The third category includes ratios of function and load metrics, such as the tricuspid annular plane systolic excursion / RV systolic pressure (TAPSE/RVSP) ratio, however failing to take into account the physiological dependence of load and function. [START_REF] Guazzi | Tricuspid annular plane systolic excursion and pulmonary arterial systolic pressure relationship in heart failure: an index of right ventricular contractile function and prognosis[END_REF][START_REF] Kang | Pulmonary artery pulsatility index predicts right ventricular failure after left ventricular assist device implantation[END_REF] The analysis of the prognostic value of load adaptability metrics has often been limited to single-centre studies with limited external validation. Furthermore, few LVAD studies have compared them to simple RV remodeling or functional metrics (such as RV end-systolic dimension or strain), or to invasive inter-ventricular ratios such as the right atrial/pulmonary arterial wedge pressure ratio (RAP/PAWP) validated in the large EUROMACS (European Registry for Patients with Mechanical Circulatory Support) study. [START_REF] Grandin | Right ventricular response to pulsatile load is associated with early right heart failure and mortality after left ventricular assist device[END_REF][START_REF] Soliman | Derivation and Validation of a Novel Right-Sided Heart Failure Model After Implantation of Continuous Flow Left Ventricular Assist Devices: The EUROMACS (European Registry for Patients with Mechanical Circulatory Support) Right-Sided Heart Failure Risk Score[END_REF] We recently compared the prognostic value of load adaptability metrics in patients with pulmonary arterial hypertension, showing that they were not stronger predictor of clinical worsening than RV end-systolic dimension. [START_REF] Amsallem | Load Adaptability in Patients with Pulmonary Arterial Hypertension[END_REF] In the present study, we hypothesized that in LVAD patients the prognostic value of load adaptability metrics for RHF may have limited incremental value to validated risk scores when compared to simple metrics of RV remodeling or function.

Using the Stanford LVAD prospective registry, the first objective was to determine the prognostic value of load adaptability and inter-ventricular metrics for the risk of right ventricular assist device (RVAD) need (primary endpoint) or clinical RHF without RVAD (secondary endpoint) or composite endpoint of RHF or RVAD need (secondary endpoint) after LVAD implantation. The second objective was to compare their incremental prognostic value to validated risk scores (such as the EUROMACS score, [START_REF] Soliman | Derivation and Validation of a Novel Right-Sided Heart Failure Model After Implantation of Continuous Flow Left Ventricular Assist Devices: The EUROMACS (European Registry for Patients with Mechanical Circulatory Support) Right-Sided Heart Failure Risk Score[END_REF] Michigan score [START_REF] Matthews | The right ventricular failure risk score a pre-operative tool for assessing the risk of right ventricular failure in left ventricular assist device candidates[END_REF] and Interagency Registry for Mechanically Assisted Circulatory Support INTERMACS profiles) to those of simple invasive or imaging metrics. 

Methods

Study population

This

Echocardiography

Echocardiograms, performed within 2 months of LVAD implantation and within a week for 59% of patients, were acquired using Philips IE33 ultrasound systems (Philips, Amsterdam, The Netherlands). All measures were averaged over 3 cycles and analysed according to the latest guidelines by 2 blinded certified readers. [START_REF] Lang | Recommendations for cardiac chamber quantification by echocardiography in adults: an update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging[END_REF] Cardiac chambers dimensions, obtained from the apical 4-chamber view at end-diastole and end-systole, included RV areas (RV end-diastolic area index, end-systolic area index RVESAI) and right atrial maximal area indexed to body surface area. RV function was quantified using fractional area change, TAPSE and free-wall Lagrangian longitudinal strain (RVLS). RVLS was measured from mid-endocardial end-diastolic and endsystolic manually traced lengths and calculated as (end-systolic length-end-diastolic length)/enddiastolic length. RV systolic pressure was estimated from the tricuspid regurgitation maximal velocity and estimated RAP. [START_REF] Amsallem | Addressing the Controversy of Estimating Pulmonary Arterial Pressure by Echocardiography[END_REF] 

Right heart catheterization

Right heart catheterization within 3 months of inclusion (within a week for 60% of patients) was performed through the right internal jugular or femoral vein. Afterload was assessed by mean (MPAP), relative pressure (mean pulmonary arterial pressure /mean arterial pressure MPAP/MAP), 17 systolic (SPAP) and diastolic pulmonary arterial pressures, pulmonary vascular resistance, capacitance and arterial elastance. Pulmonary vascular resistance index was measured as transpulmonary gradient divided by cardiac index (CI). Capacitance was estimated as stroke volume divided by pulse pressure (PP, difference between systolic and diastolic pulmonary arterial pressure), [START_REF] Mahapatra | Relationship of pulmonary arterial capacitance and mortality in idiopathic pulmonary arterial hypertension[END_REF] and indexed to body surface area. Pulmonary arterial elastance was defined as SPAP × 0.9 divided by stroke volume. [START_REF] Chemla | Contribution of systemic vascular resistance and total arterial compliance to effective arterial elastance in humans[END_REF] PAWP was measured at the end of expiration; cardiac output was determined using the thermodilution method (or Fick method in case of severe tricuspid regurgitation), and RAP was averaged over 5 cardiac cycles. The RAP/PAWP ratio was calculated. [START_REF] Soliman | Derivation and Validation of a Novel Right-Sided Heart Failure Model After Implantation of Continuous Flow Left Ventricular Assist Devices: The EUROMACS (European Registry for Patients with Mechanical Circulatory Support) Right-Sided Heart Failure Risk Score[END_REF] Preoperative catheterizations and echocardiograms were not routinely repeated the day before surgery if the patient's clinical status was deemed unchanged compared to baseline. The mean time delay between catheterization and echocardiography was 17.5 ±25.0 days; 28% of the cohort underwent the two investigations within one day.

Load adaptability indices

The following load adaptability indices were assessed (Figure 1). RV area change/RVESA ratio was measured, similarly to the stroke volume /end-systolic volume ratio, surrogate of the ventricular to arterial elastance ratio. Physiological indices included the Dandel index as the velocity-time integral of the tricuspid regurgitation signal normalized for the average RV radius described in end-diastole (velocity-time integral of the tricuspid regurgitation signal × RVED length/RVEDA) and the systolic Dandel index using the same formula in end-systole. [START_REF] Dandel | Load dependency of right ventricular performance is a major factor to be considered in decision making before ventricular assist device implantation[END_REF] Ratio metrics included TAPSE/RVSP ratio, [START_REF] Guazzi | Tricuspid annular plane systolic excursion and pulmonary arterial systolic pressure relationship in heart failure: an index of right ventricular contractile function and prognosis[END_REF] SPAP/CI ratio, [START_REF] Saydain | Pulmonary Hypertension an Independent Risk Factor for Death in Intensive Care Unit: Correlation of Hemodynamic Factors with Mortality[END_REF] MPAP/CI ratio, pulmonary artery pulsatility index (PP/RAP) [START_REF] Kang | Pulmonary artery pulsatility index predicts right ventricular failure after left ventricular assist device implantation[END_REF] and MPAP/RAP ratio.

Outcomes

Patients were prospectively followed after enrolment in the registry; follow-up was concluded on September 2016. The primary endpoint was unplanned need for right ventricular assist device Clinical RHF was retrospectively verified through chart review by 2 independent investigators, and in case of discrepancy between investigators a third investigator helped decide the allocation.

As inhaled nitric oxide was often prophylactically used at our institution, it could not be used to define RHF. All-cause mortality was verified through chart review, follow-up and the National Social Security Death Index, while heart transplantation was verified through chart review and follow-up.

Statistical analysis

Statistical analyses were performed using SPSS v.23.0 (SPSS, Chicago, IL). Continuous variables are summarized as mean ±standard deviation following the central limit theorem for the total population. Categorical variables are presented as number (%). Normality was tested using the Shapiro-Wilk test. Comparisons between groups were performed using one-way variance analysis for continuous variables and Chi-square test for categorical data. Pearson correlation coefficients (r) were used to express the correlation between hemodynamic or echocardiographic indices. Survival estimates were based on the Kaplan-Meier method and compared by log-rank statistics. Patients who underwent heart transplant were right-censored on the transplant day and considered as "alive". Logistic regression analyses were performed on preoperative variables to identify correlates of the primary endpoint (<30 days RVAD need) or secondary endpoints (<30 days clinical RHF excluding those requiring RVAD or composite endpoint of RVAD need or RHF) as all events occurred within 3 weeks of LVAD implantation, with a majority (77% of RVAD) occurring within 72 hours. For continuous variables that were not linearly associated with the logit of the outcome, previously validated thresholds were used (PP/RAP <2.0) [START_REF] Kang | Pulmonary artery pulsatility index predicts right ventricular failure after left ventricular assist device implantation[END_REF] . As no threshold has been published for MPAP/RAP ratio and it is strongly collinear to PP/RAP, the threshold of <2.5 corresponding to PP/RAP <2.0 was used. For metrics relying on an interpretable tricuspid regurgitation signal (TAPSE/RVSP and the Dandel indices), logistic regression models were performed in patients in whom these indices were determined.

Odds ratios of continuous variables are presented per unit of the variable and per standard deviation increase or decrease for comparison purposes. Receiver operating characteristic curves (ROC) were constructed to estimate the area under the curve of indices with 95% confidence interval using RVAD need, clinical RHF or the composite endpoint as the binary outcome. The incremental value of right heart metrics or load adaptability indices to INTERMACS profiles, the Michigan and EUROMACS scores (Table S1) was assessed using multivariate logistic regression and comparing Chi-square values. P-values <0.05 were considered statistically significant.

Results

In total, 194 patients were included (as presented in Figure 2): 107 underwent Heartmate II (Thoratec, CA, USA) placement, 79 HVAD devices (Heartware, MA, USA), 7 Jarvik 2000 (Jarvik Heart Inc., NY, USA) implantations and 1 patient HeartAssist5 (ReliantHeart, TX, USA) implantation. Mean age was 55 ±13 years, with 77% of males (Table 1). Thirty-three percent of LVAD implantations were for ischemic cardiomyopathy and 37% as a destination therapy. The majority of patients left the operative room with inotropic (95%) or vasopressor (96%) support, and about one third were still receiving support after 10 days post-LVAD implantation (39% for inotropes and 30% for vasopresssors).

Our cohort confirmed the strong linear correlation between preoperative mean and systolic pulmonary arterial pressure (r=0.93) and the moderate linear correlation between pulse pressure and MPAP (r=0.61), both p<0.0001 (Figure 3a). Similarly, Figure 3b illustrates the overlap between RAP and the RAP/PAWP ratio. While most of patients with elevated RAP/PAWP ratio had also elevated RAP, there were 14 patients (7%) in whom the ratio was below the 0.54 threshold while having high RAP and PAWP. The univariable analyses of correlates of RVAD need (primary endpoint, n=194) are presented in Table 2. Worst INTERMACS profiles, higher RAP and RV enlargement (using RVESAI) were all significantly associated with RVAD need. Neither MPAP, pulmonary vascular resistance nor capacitance were statistically associated with RVAD need (all p>0.12).

Among load adaptability metrics, TAPSE/RVSP, PP/RAP<2.0 and MPAP/RAP<2.5 were significantly associated with RVAD need while RAP/PAWP was the only interventricular ratio associated with RVAD need. Overall, these indices had a similar area under the ROC curve than RAP (Figure 5a). Figure 5b S3. Worst INTERMACS profiles, RV enlargement (using RVESAI) and RV dysfunction (using RVLS) were all significantly associated with clinical RHF (all p<0.01), while RAP was not (p=0.10). Among load adaptability metrics, RV area change/RVESA (adjusted OR=1.58 [1.07-2.45], p=0.02), the Dandel indices (diastolic adjusted OR=3.38 [1.77-626] and systolic adjusted OR=3.62 [2.07-7.08], both p<0.001) and PP/RAP<2.0 (OR=2.32 [1.13-4.77], p=0.02) were significantly associated with outcomes. None of the interventricular ratios were associated with RHF. The Dandel indices had the strongest area under the ROC curve but within the same range than RVESAI (Figure 5c). Similarly, both RVESAI and the systolic Dandel index had similar incremental prognostic value to INTERMACS profiles, the Michigan score and the EUROMACS score (Figure 5d).

The univariable analyses of correlates of the secondary composite endpoint RHF or RVAD need (n=194) are presented in Table S4. Worst INTERMACS profiles, higher RAP, RV enlargement (using RVESAI) and dysfunction (using RVLS) were all significantly associated with outcomes (all p<0.01). Among load adaptability metrics, RV area change/RVESA, the Dandel indices, PP/RAP<2.0 and MPAP/RAP<2.5 were all associated with outcomes (all p<0.01). RAP/PAWP was also associated with outcomes (p=0.02). The area under the ROC curve for the Dandel indices was similar to those of RVESAI or RVLS (supplemental Figure S1a). Both RVESAI and the systolic Dandel index had similar incremental prognostic value to INTERMACS profiles, the Michigan score and the EUROMACS score (supplemental Figure S1b).

Discussion

This study is the first to critically compare invasive and non-invasive metrics of RV adaptation to load for prediction of RVAD need or RHF after LVAD implantation. While load adaptability metrics or hemodynamic ratios show moderate prognostic value for RVAD need or clinical RHF post-LVAD, they provide similar prognostic value to simple metrics such as RAP or RV end-systolic size respectively.

Several indices aiming to reflect RV adaptation to increased afterload have been published mainly in single centered LVAD studies [START_REF] Dandel | Load dependency of right ventricular performance is a major factor to be considered in decision making before ventricular assist device implantation[END_REF][START_REF] Guazzi | Tricuspid annular plane systolic excursion and pulmonary arterial systolic pressure relationship in heart failure: an index of right ventricular contractile function and prognosis[END_REF][START_REF] Soliman | Derivation and Validation of a Novel Right-Sided Heart Failure Model After Implantation of Continuous Flow Left Ventricular Assist Devices: The EUROMACS (European Registry for Patients with Mechanical Circulatory Support) Right-Sided Heart Failure Risk Score[END_REF][START_REF] Kang | Pulmonary artery pulsatility index predicts right ventricular failure after left ventricular assist device implantation[END_REF] . These indices can be divided into hemodynamic ratios and echocardiographic load adaptation metrics. Among hemodynamic ratios, the pulsatility index PP/RAP, MPAP/RAP and the RAP/PAWP ratios were strongly associated with RVAD need post-LVAD, consistently with previous publications. [START_REF] Soliman | Derivation and Validation of a Novel Right-Sided Heart Failure Model After Implantation of Continuous Flow Left Ventricular Assist Devices: The EUROMACS (European Registry for Patients with Mechanical Circulatory Support) Right-Sided Heart Failure Risk Score[END_REF][START_REF] Kang | Pulmonary artery pulsatility index predicts right ventricular failure after left ventricular assist device implantation[END_REF] We confirmed in our cohort the physiological linear relation between MPAP, PP and SPAP, which is a specific feature of the pulmonary circulation. This results in the collinearity between hemodynamic ratios and explains in part their similar prognostic value. Our Venn diagram additionally illustrates the strong mathematical correlation between RAP/PAWP and RAP, contributing to a similar prognostic value. This was suggested in the two previous large studies exploring the prognostic value of the RAP/PAWP but not discussed. [START_REF] Grandin | Right ventricular response to pulsatile load is associated with early right heart failure and mortality after left ventricular assist device[END_REF][START_REF] Soliman | Derivation and Validation of a Novel Right-Sided Heart Failure Model After Implantation of Continuous Flow Left Ventricular Assist Devices: The EUROMACS (European Registry for Patients with Mechanical Circulatory Support) Right-Sided Heart Failure Risk Score[END_REF] In 151 patients undergoing continuous-flow LVAD implantation, the odds ratio [95%] of the central venous pressure/PAWP for early RHF was 1.76 [1.24-2.52] similar to the odds ratio of central venous pressure 1.74 [1.22-2.47], (both p<0.01). [START_REF] Grandin | Right ventricular response to pulsatile load is associated with early right heart failure and mortality after left ventricular assist device[END_REF] Similarly, in the large EUROMACS derivation cohort, the odds ratio of RAP/PAWP >0.54 (2.08 [1.38-3.11], p<0.0001) overlapped with the odds ratio of RAP (1.73 [1.28-2.34], p=0.001). [START_REF] Soliman | Derivation and Validation of a Novel Right-Sided Heart Failure Model After Implantation of Continuous Flow Left Ventricular Assist Devices: The EUROMACS (European Registry for Patients with Mechanical Circulatory Support) Right-Sided Heart Failure Risk Score[END_REF] The advantage of ratios such as the RAP/PAWP is to identify patients with disproportional atrial pressures (i.e. "low" RAP but higher than PAWP because of hypovolemia). In contrast, they expose to misclassification of patients with low ratio because of higher PAWP than RAP in "low risk class". In our cohort, 43% of the 14 patients with low ratio and high RAP developed RVAD need or clinical RHF post-LVAD implantation.

The other originality of our study is to distinguish the different concepts behind the "load adaptability" term in 194 patients referred for continuous-flow LVAD implantation (Figure 1).

The first concept (ventriculo-arterial coupling) is represented by the ventricular to arterial elastance ratio using pressure-volume loop analysis. [START_REF] Boulate | Pulmonary Circulatory -Right Ventricular Uncoupling: New Insights Into Pulmonary Hypertension Pathophysiology[END_REF] The stroke volume /end-systolic volume ratio have been proposed as a surrogate, neglecting the volume at pressure 0, which can be large in patients with dilated RV such as in patients referred for LVAD as illustrated in our cohort. [START_REF] Trip | Accurate assessment of load-independent right ventricular systolic function in patients with pulmonary hypertension[END_REF] Using 2-dimensional echocardiography, we approximated this ratio by the RV area change/RVESA showing moderate but significant association with outcomes. The second concept of physiological indices is represented by Dandel's indices, relating the pressure gradient to the average transverse size of the right ventricle. [START_REF] Dandel | Load dependency of right ventricular performance is a major factor to be considered in decision making before ventricular assist device implantation[END_REF] Although both the original Dandel diastolic index and our modified systolic index are validated in our cohort of continuous-flow LVAD and emerge as the strongest load adaptability predictors of clinical RHF not requiring RVAD implantation, these indices only provide a prognostic value similar to RVESAI. The strong correlation between the Dandel indices and RVESAI may explain why they provide similar level of prediction. Moreover, the Dandel indices require the presence of an interpretable tricuspid regurgitation signal. [START_REF] Amsallem | Addressing the Controversy of Estimating Pulmonary Arterial Pressure by Echocardiography[END_REF] The last category regroups all combined metrics of function and load, regardless of their physiological relation. The ratio of TAPSE (reflecting longitudinal RV fiber shortening) and RVSP (i.e. force generated by the RV) has been previously shown to be prognostic in 247 patients with heart failure reduced ejection fraction and 46 patients with heart failure preserved ejection fraction. [START_REF] Guazzi | Tricuspid annular plane systolic excursion and pulmonary arterial systolic pressure relationship in heart failure: an index of right ventricular contractile function and prognosis[END_REF] Primarily demonstrated to predict survival in a less severe and more heterogeneous cohort of patients with heart failure, [START_REF] Guazzi | Tricuspid annular plane systolic excursion and pulmonary arterial systolic pressure relationship in heart failure: an index of right ventricular contractile function and prognosis[END_REF] this index was moderately validated in our cohort for prediction of RVAD need post-LVAD. Two main limitations emerges for this index: the use of TAPSE as a metric of RV function, which can be altered in patients with previous history of pericardial opening (about one quarter of the cohort), [START_REF] Tamborini | Is right ventricular systolic function reduced after cardiac surgery? A two-and three-dimensional echocardiographic study[END_REF] and the highly dependence to a good quality of the tricuspid regurgitation Doppler envelope, [START_REF] Amsallem | Addressing the Controversy of Estimating Pulmonary Arterial Pressure by Echocardiography[END_REF] limiting the use of this index in 80% of patients.

Interestingly, our results suggest that hemodynamic indices (such as RAP, RAP/PAWP or PP/RAP) better reflect the risk of RVAD implantation post-LVAD than the RV end-systolic remodeling indices (such as RVESAI, RV area change/RVESA or the systolic Dandel index) that better reflect RV dysfunction not requiring RVAD implantation. Overall, the main clinical implication of our study integrating both invasive and non-invasive assessment of the right heart is the simplification of prognostic markers of RVAD need or RHF post-continuous-flow LVAD implantation, fitting in the current "simple is better" trend in the field of cardiovascular imaging. [START_REF] Oxborough | Predicting Mortality in Pulmonary Arterial Hypertension: Can It Really Be That Simple?[END_REF] Although they are strong prognostic markers of RVAD need, hemodynamic ratios (such as RAP/PAWP) expose to the risk of misclassifying patients with both high values.

Considering the technical challenge and variability in invasively determining PAWP, our results combined with previous studies suggest that RAP or central venous pressure provide similar prognostic value to the RAP/PAWP ratio. Similarly, identifying and measuring the tricuspid regurgitation envelope using echocardiography can be challenging in patients referred for LVAD who frequently have implantable cardioverter defibrillator and/or cardiac resynchronization therapy devices, thus limiting the feasibility of Dandel indices. RV end-systolic area represents a simple metric, if measured carefully on RV focused apical 4-chamber view avoiding foreshortening. [START_REF] Amsallem | Optimizing Right Ventricular Focused Four-Chamber Views using Three-Dimensional Imaging, a comparative Magnetic Resonance based study[END_REF] The importance of end-systolic remodeling, first described by Carabello and Spann in 1984, highlighting end-systolic dimensions and stress-corrected end-systolic dimensions as the best predictors of postoperative recovery in valvular heart disease. [START_REF] Carabello | The uses and limitations of end-systolic indexes of left ventricular function[END_REF] Since then, RV end-systolic remodeling metrics (i.e. area, volume using 3-dimensional echocardiography or cardiac magnetic resonance, or RV remodeling index defined as the RV lateral wall length divided by the septal height) have shown to be strong prognostic markers in patients with pulmonary hypertension. [START_REF] Amsallem | Load Adaptability in Patients with Pulmonary Arterial Hypertension[END_REF][START_REF] Amsallem | Right Heart End-Systolic Remodeling Index Strongly Predicts Outcomes in Pulmonary Arterial Hypertension: Comparison With Validated Models[END_REF][START_REF] Veerdonk Mc Van De | Progressive right ventricular dysfunction in patients with pulmonary arterial hypertension responding to therapy[END_REF][START_REF] Ryo | Characterization of right ventricular remodeling in pulmonary hypertension associated with patient outcomes by 3-dimensional wall motion tracking echocardiography[END_REF] Physiologically, end-systolic dimension metrics integrate both RV remodeling to increased afterload and RV dysfunction.

The first limitation of our study is inherent to its single-centre design. However, this cohort primarily intends to act as a validation cohort of previous derivation cohorts describing load adaptability metrics. The second limitation may arise from the time delay between echocardiography and right heart catheterization, precluding more physiological assessment of RV function or remodeling according to load, and limiting direct comparison between invasive and non-invasive load adaptability metrics. However, this delay reflects clinical practice in patients referred for LVAD implantation, in which these exams are often not simultaneous and usually not repeated before the surgery in case of clinical stability. In addition, no metric combining invasive and echocardiographic indices was used in this study. The third limitation may come from the large number of candidate variables evaluated in this study exposing to the risk of spurious association. However, these candidates were identified from previously published variables and the primarily aim of this study was to externally validate them. The overall number of events precluded high statistical power for multivariable modelling, but allowed exploration of the incremental value of these variables on top of validated risk scores.

Finally, this study has not prospectively collected data on perioperative complications and aggravating factors that affect the right ventricle (such as the number of blood transfusion).

In conclusion, while our study confirms that the RAP/PAWP ratio is a good prognostic index of load adaptability associated with the risk of RVAD implantation post-LVAD, our findings do not validate its incremental value on validated scores beyond simple metrics such as RAP. Similarly, the Dandel indices are associated with the risk of RHF without RVAD need post-LVAD but in a similar extent than the RV end-systolic area index. For the "RVAD" and "RHF without RVAD" groups, time 0 represents the date of event (i.e. date of RVAD implantation for the "RVDA" group and date of RHF diagnosis for the "RHF without RVAD" group). For the "no RHF" group, time 0 was chosen from the median time between LVAD implantation and events from the two other groups (i.e. 6.8 days after LVAD). Patients who underwent heart transplant were right censored at the time of transplant.

Unadjusted comparisons between the three groups were performed using log-rank test. 

  : European Registry for Patients with Mechanical Circulatory Support INTERMACS: Interagency Registry for Mechanically Assisted Circulatory Support LVAD: left ventricular assist device MPAP: mean pulmonary arterial pressure PAWP: pulmonary arterial wedge pressure PP: pulse pressure RAP: right atrial pressure RHF: right heart failure RV: right ventricular RVAD: right ventricular assist device RVSP: right ventricular systolic pressure SPAP: systolic pulmonary arterial pressure TAPSE: tricuspid annular plane systolic excursion Central Message Right load adaptability metrics provide similar prognostic value to simple metrics such as right atrial pressure or right ventricular end-systolic size for prediction of right heart failure post-LVAD.

  retrospective study screened 230 consecutive patients (> 18 years old) from the Stanford prospective LVAD registry, who underwent continuous-flow LVAD implantation at Stanford University Medical Center (CA, USA) between January 2009 and June 2016. Inclusion criteria were: patients with left heart failure requiring LVAD implantation with echocardiographic and right heart catheterization data available within 3 months before implantation. Exclusion criteria were: complete echocardiographic study not available for review (n=19); data from right heart catheterization performed at other centers not available (n=15) and planned RVAD implantation (n=2). Isolated LVAD implantations were done under cardiopulmonary bypass on a beating heart. Combined open-heart surgeries involved total aortic cross-clamping, and cardioplegic cardiac arrest except for 7 out of 8 tricuspid valve repair procedures. Postoperative inotropic and vasopressor support (using milrinone, dobutamine, epinephrine and/or vasopressin) was left at the discretion of the physicians, targeting a central venous pressure < 15 mmHg and cardiac index > 2 L/min/m 2 in the operative room and during the postoperative phase. In the intensive care unit, vasopressor and pulmonary vasodilator supports were weaned as the heart recovers, based on invasive monitoring. A mean arterial pressure of 65-90 mmHg was targeted to support renal perfusion with a central venous pressure < 15 mmHg while maintaining a cardiac index > 2 L/min/m 2 . Stanford University Institutional Review Board approved the study (#25673), which was conducted in agreement with the Helsinki-II declaration; all patients gave informed consent.

(

  RVAD) occurring <30 days post-LVAD. The secondary endpoints included: (1) <30 days clinical RHF in patients not requiring RVAD implantation and (2) the composite outcome of <30 days clinical RHF or RVAD need post-LVAD. Clinical RHF was defined according to the 2016 INTERMACS (Appendix A, version 5.0) definition 3 as symptoms or findings of persistent right ventricular failure characterized by both of the following: documentation of elevated central venous pressure (direct invasive measurement with evidence of a central venous pressure or right atrial pressure > 16 mmHg, or findings of significantly dilated inferior vena cava with absence of inspiratory variation by echocardiography, or clinical findings of elevated jugular venous distension) and manifestations of elevated central venous pressure (peripheral edema, ascites or palpable hepatomegaly on physical examination or by diagnostic imaging, or laboratory evidence of worsening hepatic (total bilirubin > 2.0 mg/dL) or renal dysfunction (creatinine > 2.0 mg/dL).

  Figure 3c displays the complete correlation heatmap of echocardiographic load adaptability indices. The Dandel indices and RVESAI were strongly correlated to each other, while lateral wall functional metrics (RVLS, TAPSE and TAPSE/RVSP ratio) were moderately correlated to each other. The correlation heatmap of hemodynamics indices (Figure 3d) highlights the strong correlation between RAP and indices including RAP (i.e. PP/RAP, MPAP/RAP and RAP/PAWP). Similarly relative pressure MPAP/MAP, MPAP/CI and SPAP/CI were strongly correlated together, which is explained by the linear correlations between MPAP, SPAP and PP as illustrated in Figure 3a. The primary endpoint (<30 day unplanned RVAD) occurred in 30 (15%) patients, while 45 (23.2%) patients presented with <30 days clinical RHF without requiring RVAD implantation. Figure 4 displays the unadjusted comparison of Kaplan Meier survival curves of patients without RHF, patients presenting with RHF without requiring RVAD and patients requiring RVAD. Transplant-free survival rates (±standard error) at 1 year were 91.3 ±2.8% in patients without RHF, 70.5 ±7.8% in patients with RHF who did not required RVAD implantation and 39.0 ±9.6% in patients who required RVAD (p<0.001). At 2 years, transplantfree survival rates were 88.4 ±3.4%, 64.1 ±9.4% and 26.0 ±12.4% respectively (p<0.001). The comparative preoperative clinical, invasive, echocardiographic characteristics of patients according to the need of RVAD or onset of clinical RHF are presented in supplemental Table S2. Among load adaptability metrics, only RV area change/RVESA and the Dandel indices significantly differed according to the groups using ANOVA. The RV area change/RVESA was lower in patients with RVAD need (0.28 ±0.11) or clinical RHF (0.28 ±0.10) than in patients without RHF (0.34 ±0.14), p=0.01. Both the diastolic and systolic Dandel indices were lower in patients with clinical RHF (24.62 ±7.53 and 28.99 ±8.99, respectively) and in those requiring RVAD implantation (27.27 ±8.41 and 32.29 ±10.56, respectively) than in those without RHF at 30 days (33.10 ±12.23 and 40.40 ±15.67), both p<0.001. The RAP/PAWPratio was the only significant inter-ventricular ratios differing between the groups. Among the 14 patients with low RAP/PAWP ratio (≤ 0.54) and high RAP (≥15mmHg), 6 (43%) developed RHF after LVAD implantation, including 3 requiring RVAD implantation.

  assesses the incremental value of these metrics to INTERMACS profiles, the Michigan score and the EUROMACS score. The RV area change/RVESA ratio, PP/RAP<2.0 and RAP/PWAP ratio provided significant incremental value to the INTERMACS profiles in a similar range than RAP or RVESAI. Only RAP provided significant incremental value to the Michigan score. Stepwise multivariable models were built to predict RVAD need. In order not to overfit the model, 3 variables were included in addition to age and sex: INTERMACS profiles, RAP and PP/RAP<2.0. Using multivariable logistic regression, only worst INTERMACS (odd ratio = 1.96 [1.28 -3.03], p<0.01) was retained in the model (Chi-square = 10.79, p<0.01). An alternative model including RAP/PAWP instead of RAP (as these are correlated) provided the same result. The univariable analyses of correlates of clinical RHF excluding RVAD need (secondary endpoint, n=164) are presented in Table
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 1 Figure 1. Load adaptation indices and concepts. CI: cardiac index; Ea: arterial elastance; Ees:
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 2 Figure 2. Flow chart of the study population. LVAD: left ventricular assist device; RHC: right
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 3 Figure 3. Correlation between right heart and load adaptation indices. (a) Linear
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 4 Figure 4. Two-year Kaplan Meier heart cumulative survival curve of patients who
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 5 Figure 5. Area under the receiver-operating curve of right heart metrics for prediction of

Table 1 . Preoperative characteristics of the study population (n=194).

 1 Values are presented as mean ±standard deviation or number (%). INTERMACS: Interagency Registry for Mechanically Assisted Circulatory Support classification; MDRD: Modification of Diet in Renal Disease Study Equation. *Mechanical circulatory support included intra-aortic balloon pumps and miniaturized LVADs (Impella, Abiomed Inc., Danvers, MA; Tandem Heart, Cardiac Assist Inc., Pittsburgh, PA). **Inotropes included milrinone, dobutamine, and dopamine. Vasopressors included norepinephrine, phenylephrine, and vasopressin. ***The tricuspid regurgitation Doppler envelope was interpretable in 82% of patients, enabling determination of these indices.

	Variable

Table 2 : Univariate logistic regression analysis of correlates of right ventricular assist device (primary endpoint occurring in 30/194 patients) after left ventricular assist device implantation.

 2 Odds ratios are presented as OR per standard deviation for continuous variables and calculated as OR SD . **As the tricuspid regurgitation Doppler envelope was interpretable in 82% of patients, enabling determination of these indices, the logistic regression models were performed in these 82% of the cohort. # Using INTERMACS ≥4 as the reference group. RV: right ventricular.

	Unadjusted	Adjusted
	(per unit change)	(per SD change)
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