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Scan-rescan reproducibility of ventricular and atrial MRI feature tracking strain

Keywords: Myocardial strain, feature tracking, magnetic resonance imaging, reproducibility, heart chambers

Background. A feature tracking (FT) was designed to simultaneously extract myocardial strains in main cardiac chambers from cine MRI images. Its inter-observer and scan-rescan reproducibility was assessed and sample sizes required to detect predefined longitudinal changes in strain values were provided.

Method. FT was applied on left (LV) and right (RV) ventricles as well as left atrium (LA) of 21 individuals (66±10 years) who underwent 2 MRIs 2 weeks apart. Global peaks for radial, circumferential, longitudinal strains, radial motion fraction (Mr), fractional area change (FAC) and tricuspid annular plane excursion (TAPSE) were estimated. Interoperator and inter-exam reproducibility were evaluated using coefficients of variations (CV) and intra-class correlation coefficients (ICC).

Results. Reproducibility of all measurements were good to excellent for inter-operator (LV:CV<6.5%, ICC>0.91; RV:CV<12%, ICC>0.86; LA:CV<14%, ICC>0.85) and interstudy (LV:CV<15%, ICC>0.65; RV:CV<20%, ICC>0.71; LA:CV<20.5%, ICC>0.83) evaluations. Reasonable sample sizes are required to detect a longitudinal difference of 10 to 15% in strain values (LV:5 to 33 individuals, RV:14 to 62 individuals, LA:4 to 65 individuals).

Conclusions. FT-based functional evaluation of main heart chamber deformation from cine

MRI is repeatable and thus suitable for follow-up. Strain measurements may help for the joint clinical evaluation of LV, RV or LA implication in various cardiomyopathies.

Introduction

Myocardial strain is a strong marker of cardiovascular functional alterations, associated with cardiovascular mortality [START_REF] Yang | Prognostic value of biventricular mechanical parameters assessed using cardiac magnetic resonance feature-tracking analysis to predict future cardiac events[END_REF] and adverse cardiac events [START_REF] Kalam | Prognostic implications of global LV dysfunction: a systematic review and meta-analysis of global longitudinal strain and ejection fraction[END_REF][START_REF] Sjøli | Comparison of left ventricular ejection fraction and left ventricular global strain as determinants of infarct size in patients with acute myocardial infarction[END_REF]. Changes in myocardial strain were shown to precede the decline of ejection fraction (EF), changes in myocardial geometry and wall thickness, and to be related to all-cause mortality [START_REF] Stanton | Prediction of all-cause mortality from global longitudinal speckle strain: comparison with ejection fraction and wall motion scoring[END_REF][START_REF] Ersbøll | Prediction of All-Cause Mortality and Heart Failure Admissions From Global Left Ventricular Longitudinal Strain in Patients With Acute Myocardial Infarction and Preserved Left Ventricular Ejection Fraction[END_REF] in the general population. Altered myocardial strain has also been reported in several pathological conditions including heart failure [START_REF] Cho | Global 2-dimensional strain as a new prognosticator in patients with heart failure[END_REF] and hypertrophic cardiomyopathies [START_REF] Rüssel | Increased left ventricular torsion in hypertrophic cardiomyopathy mutation carriers with normal wall thickness[END_REF].

Myocardial strain is assessed either by ultrasound, magnetic resonance imaging (MRI) myocardial tagging, or more recently feature tracking (FT) on standard cine MRI [START_REF] Pedrizzetti | Principles of cardiovascular magnetic resonance feature tracking and echocardiographic speckle tracking for informed clinical use[END_REF]. While the MRI tagging technique has the advantage of estimating intra-myocardial deformation, it is not commonly performed in standardized clinical routine and requires dedicated acquisition sequences and post-processing software. Besides, while, MRI tagging requires thick myocardial walls, FT techniques have the decisive advantage of being usable in heart chambers with a thin wall and high clinical importance such as the LA and the RV. The difficulty of studying myocardial tissue characteristics in these structures may be in part counter-balanced by FT evaluation, which can provide indices of myocardial function, themselves related to fibrosis, as previously indicated by the association of strain with late gadolinium enhancement [START_REF] Imai | Multi-Ethnic Study of Atherosclerosis: Association between Left Atrial Function Using Tissue Tracking from Cine MR Imaging and Myocardial Fibrosis[END_REF].

Since MRI is the reference for cardiac chamber volumes and systolic function quantification [START_REF] Grothues | Comparison of interstudy reproducibility of cardiovascular magnetic resonance with two-dimensional echocardiography in normal subjects and in patients with heart failure or left ventricular hypertrophy[END_REF][START_REF] Pennell | Cardiovascular magnetic resonance: twenty-first century solutions in cardiology[END_REF] and is being increasingly used for myocardial tissue characterization [START_REF] Kim | Relationship of MRI delayed contrast enhancement to irreversible injury, infarct age, and contractile function[END_REF][START_REF] Moon | Myocardial T1 mapping and extracellular volume quantification: a Society for Cardiovascular Magnetic Resonance (SCMR) and CMR Working Group of the European Society of Cardiology consensus statement[END_REF], the addition of robust multi-chamber strain evaluation can be of major clinical usefulness. Such tool would, in addition to single chamber characterization, help for the evaluation of the bi-ventricular implications and the diastolic coupling between the left ventricle and the left atrium in pathological conditions such as heart failure with preserved EF, atrial fibrillation and early dilated cardiomyopathies [START_REF] Addetia | Simultaneous Longitudinal Strain in All 4 Cardiac Chambers: A Novel Method for Comprehensive Functional Assessment of the Heart[END_REF].

We recently developed a FT software for multi-chamber exploration, that has been used for LA strain evaluation in patients with aortic valve stenosis [START_REF] Evin | Assessment of left atrial function by MRI myocardial feature tracking[END_REF], for the characterization of LA aging in a population of 94 healthy individuals [START_REF] Evin | Left atrial aging: a cardiac magnetic resonance feature-tracking study[END_REF] and for comparison against histological fibro-fatty infiltration in LA myocardium [START_REF] Huber | Cardiac MR Strain: A Noninvasive Biomarker of Fibrofatty Remodeling of the Left Atrial Myocardium[END_REF]. Furthermore, two main commercial FT solutions (TomTec, Circle cvi42) have been proposed to enable ventricles and atria (only for TomTec) exploration, although they have been used individually on either the ventricles [START_REF] Schuster | Cardiovascular magnetic resonance feature-tracking assessment of myocardial mechanics: Intervendor agreement and considerations regarding reproducibility[END_REF][START_REF] Morton | Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking[END_REF][START_REF] Andre | Age-and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature tracking[END_REF][START_REF] Augustine | Global and regional left ventricular myocardial deformation measures by magnetic resonance feature tracking in healthy volunteers: comparison with tagging and relevance of gender[END_REF][START_REF] Kempny | Quantification of biventricular myocardial function using cardiac magnetic resonance feature tracking, endocardial border delineation and echocardiographic speckle tracking in patients with repaired tetralogy of Fallot and healthy controls[END_REF][START_REF] Lu | Automatic functional analysis of left ventricle in cardiac cine MRI[END_REF][START_REF] Prati | Right Ventricular Strain and Dyssynchrony Assessment in Arrhythmogenic Right Ventricular Cardiomyopathy: Cardiac Magnetic Resonance Feature-Tracking Study[END_REF] or the atria [START_REF] Kowallick | Quantification of atrial dynamics using cardiovascular magnetic resonance: inter-study reproducibility[END_REF][START_REF] Kowallick | Quantification of left atrial strain and strain rate using Cardiovascular Magnetic Resonance myocardial feature tracking: a feasibility study[END_REF] in previous studies. Besides, a recent study performed by Schuster et al. [START_REF] Schuster | Cardiovascular magnetic resonance feature-tracking assessment of myocardial mechanics: Intervendor agreement and considerations regarding reproducibility[END_REF] comparing the TomTec and the Circle solutions on the LV highlighted the insufficient reproducibility of the available solutions.

Accordingly, in the present study we aimed to use our FT software to: 1) simultaneously extract longitudinal, circumferential and radial myocardial strains for left ventricle (LV), right ventricle (RV) and left atrium (LA) from cine MRI images; 2) to assess inter-observer and scan-rescan reproducibility of ventricular and atrial strain measurements; 3) to provide sample sizes required to detect a longitudinal change of 5%, 10% or 15% in strain values, based on scan-rescan variations.

Material and Methods

Population and Acquisitions

Twenty one elderly subjects (66±10 years, 8 females) with absence of acute or chronic disease and without personal history or symptoms of cardiac disease and preserved LVEF underwent 2 MRI exams 2 weeks apart on a 1.5 Tesla GE magnet. Preserved EF has been defined during screening at echocardiography prior to inclusion, and thus to MRI exams.

Since the prevalence of cardiovascular disease such as LA fibrillation and heart failure substantially increases with age, we focused on relatively elder subjects to be able to provide sample sizes required to detect predetermined longitudinal changes in LV, LA and RV strain values. MRI exams were performed in real clinical routine conditions (technician and radiologist change between scans and no specific instructions were given before scan other than those used in clinical routine). Each subject had a conventional MRI including steady-state free precession (SSFP) acquisition in short-axis, 4-and 2-chamber views. Such data were acquired during breath-hold, with the following scan parameters: acquisition matrix=224x192, echo time=1.63 ms, repetition time=3.65 ms, flip angle=50°, pixel size=0.7x0.7 mm 2 , slice thickness=7 to 8 mm, inter-slice gap=1 mm. Short-axis acquisitions comprised 12 slices covering the whole ventricles and the number of phases per cardiac cycle for all acquisitions was 40 phases. This study was approved by the local ethics committee and signed informed consent was obtained from all participants. Left and right ventricular end-systolic and end-diastolic volumes as well as EF and LV mass have been assessed using the Medis Suite software 2.0.16.0 (Leiden, Netherlands), by manually delineating endocardial and epicardial borders on short-axis slices on both end-diastolic and end-systolic phases. Moreover, left atrial maximal volumes were estimated using the biplane area-length method [START_REF] Madueme | Comparison of arealength 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].

Feature Tracking

The FT algorithm [START_REF] Evin | Assessment of left atrial function by MRI myocardial feature tracking[END_REF][START_REF] Evin | Left atrial aging: a cardiac magnetic resonance feature-tracking study[END_REF] developed on Matlab (Mathworks, Natick, MA, USA) is based on the interface between myocardium and the surrounding structures (blood, epicardial fat).

First, endocardial contours were manually initialized on a single temporal phase corresponding to maximal cavity dilation (Figure 1. A) and contrast was automatically enhanced. Epicardial contours were also initialized on the same phase for LV. Initialized points were then tracked in the adjacent time-phases. For such tracking, a 10x10 mm region of interest is defined around each point of the initial contour. Then a map with the crosscorrelation values between this region and its spatial neighborhood on the next phase is calculated. This cross-correlation map is weighted with additional maps derived from image properties and constraints related to physiological knowledge regarding contractile function (Figure 1. B). Such constraints maps comprised: 1) local differences in gray levels,

2) an elastic component used to preserve local spatiotemporal continuity of contour points displacement. Of note, the tracking is performed forward and backward through the cardiac cycle until the phase used for initialization is reached. Finally, to account for the periodicity of cardiac motion, myocardial contours were calculated by combining the backward and forward tracking while using a sigmoid weighting to favor the tracking results, which were closer to the initialization phase (Figure 1. C and D). Cross-correlation map weighting with edge and active contours detection, as previously proposed for LA [START_REF] Evin | Assessment of left atrial function by MRI myocardial feature tracking[END_REF], was replaced by the elastic and periodicity components described above to gain in computation time and to avoid erroneous tracking caused by erroneous active contour detection, especially in trabeculated ventricles and pulmonary veins. For all exams, the tracking process was applied to all main chambers and views. No manual correction was performed at the end of the tracking. 

Quantification of myocardial deformation

Endocardial and epicardial measures derived for all the phases of the cardiac cycle thanks to the tracking and used for strain estimation are illustrated in Figure 2 on a single timephase. Longitudinal (Sl) and circumferential (Sc) myocardial strains were respectively assessed from long axis and short-axis data. Indeed, tracked contours were used to extract myocardial time-varying strain curves by calculating temporal changes in longitudinal L(t) and circumferential C(t) lengths, relative to and normalized by their initial dimension L(t0)

and C(t0), obtained at the beginning of the cardiac cycle (t0): Sl(t)=(L(t)-L(t0))/L(t0) and

Sc(t)=(C(t)-C(t0))/C(t0).

Epicardial contours were tracked only for LV and for both longitudinal and circumferential strains, endocardial and epicardial strain curves were averaged to capture the whole LV myocardial deformation. Of Note, while Sc is calculated for LV and RV, Sl is calculated for all chambers (LV, RV and LA). Radial motion fraction (Mr) was quantified from short-axis slices by calculating temporal inward and outward change in radius R(t) relative to and normalized by the initial radius R(t0), calculated as the distance between contour points and the endocardium center of mass : Of note, both endocardial and epicardial contours were used for the LV while only the endocardium is considered for RV and LA.

Mr=(R(t)- R(t0))/R(t0).
Myocardial strain and motion fraction curves were used to automatically detect characteristic peaks and the following indices were derived for both LV and RV (Figure 3): 1) longitudinal/circumferential strain (Sl/Sc) systolic peak corresponding to the maximal shortening/contraction of the myocardium, 2) radial motion fraction (Mr) systolic peak corresponding to the maximal radial displacement, 3) radial strain (Sr) systolic peak corresponding to the maximal LV myocardial thickening. For the LA (Figure 3), peaks corresponding to the reservoir (s), conduit (e) and LA contraction (a) phases were derived from LA longitudinal strain (Sl s , Sl e , Sl a ) curves. Reservoir phase corresponds to LA dilation secondary to LA filling from pulmonary veins, conduit phase corresponds to LV suction during LV early filling, and contraction phase corresponds to the late LV filling [START_REF] Hoit | Left atrial size and function: role in prognosis[END_REF]. All strain and motion measurements were global, as they were calculated from the averaged curve over 2-and 4-chamber views or through the selected short-axis slices (5 to 6 short-axis slices were selected while avoiding extreme basal slices with the outflow tract and apical slices where blood pool was not visualized). Moreover, only the free wall was considered for RV estimates, since the septal wall was heavily affected by the LV deformation. The following additional conventional indices were extracted: 1) peak fractional area change (FAC) for the three LA phases (FAC s , FAC e , FAC a ), 2) tricuspid annular plane systolic excursion relative to the RV apex (TAPSE).

For scan-rescan repeatability, tracking was performed and the above quantitative parameters were estimated for both exams 1 and 2 by the same operator. Moreover, exam 1 data were analyzed by a second operator to evaluate inter-observer variability. 

Statistical Analysis

All continuous variables are reported as mean values ± standard deviations. Strain values obtained from the 2 exams were compared using a paired Wilcoxon test. To study interoperator and inter-exam reproducibility: 1) Bland and Altman analysis was performed and mean bias and limits of agreement (mean±1.96•standard deviation of the differences) were reported, 2) coefficient of variation (CV) was calculated, as the standard deviation of the differences between two measurements divided by their mean, 3) intra-class correlation (ICC) [START_REF] Shrout | Intraclass correlations: uses in assessing rater reliability[END_REF] was given with its 95% confidence interval. ICC was considered excellent (>0.74), good (0.60-0.74), fair (0.40-0.59) or poor (<0.40) [START_REF] Cicchetti | Guidelines, Criteria, and Rules of Thumb for Evaluating Normed and Standardized Assessment Instruments in Psychology[END_REF]. CV and ICC were used to allow comparison with previous studies and to provide a complementary view of the reproducibility of our repeated measurements. Indeed, while CV indicates the variability of measurements, while standardizing the variance by the magnitude of the measurements (mean), ICC is a reliability measure representing the correlation between two measurements performed on the same subject. Based on scan-rescan changes in strain measurements, sample sizes required to detect a relative difference of 5%, 10%, or 15% with a power of 80% and an error of 0.05 in strain indices were calculated according to the formula provided in Bhalero et al. [START_REF] Bhalerao | Sample size calculation[END_REF]:

Where Z α =1.96 for a two sided error of 5% and Z 1-β =0.8416 for a statistical power of 80%, σ is the inter-study standard deviation and ∆ the variation to be detected. P-values<0.05 were considered as statistically significant. Statistical analysis was performed using the JMP-SAS software.

Results

Processing time to obtain the aforementioned indices for LV, RV and LA in a single subject (2-chamber, 4-chamber, 5 to 6 short-axis slices) is around 15 minutes on a Windows system, Intel Xeon, 2.50 GHz processor with 8 GB RAM.

Table 1 summarizes subjects basic characteristics, blood pressures, heart-rates as well as conventional LV and RV volumetric measurements for the two MRI exams. No significant differences were noted between the two MRI exams in terms of LV, RV volumes and ejection fractions. Heart-rates measured were not significantly different between the 2 exams, while there was a slight significant change in systolic blood pressure. 

Myocardial strain measurements

Myocardial strain and motion fraction indices were provided in Table 2 for the 2 MRI exams. While no significant differences between the two exams were found for all LV and RV strain indices, significant differences were observed for LA fractional area change, but only for the conduit phase.

Consistent with patients age, LA contraction indices were higher on average than LA conduit phase indices for both longitudinal strain and fractional area change. 

Scan-rescan and inter-operator reproducibility

Both scan-rescan and inter-operator reproducibility results are summarized in Table 3. An excellent (ICC>0.86, CV<12%) inter-operator reproducibility was found for strain indices in both ventricles. Regarding scan-rescan repeatability, reproducibility indices were good to excellent (ICC>0.65, CV<20%). Highest reproducibility performances were obtained for the LV, as compared to RV.

Excellent inter-operator (ICC>0.85, CV<14%) and scan-rescan (ICC>0.83, CV<20%) reproducibility was also observed for all LA indices. 

Scan-rescan reproducibility Inter-operator reproducibility

Sample sizes estimation

Sample sizes required for the detection of longitudinal differences of 5%, 10%, or 15% in LV, RV and LA strain values were summarized in Table 4. In line with reproducibility performances, smaller sample sizes were found to be necessary for LV strain indices, as compared to RV and LA indices. For the RV, sample sizes needed for strain indices were lower than those required for TAPSE. 

% of changes

Discussion

Our main findings are that FT-based evaluation of ventricular and atrial deformation from standard cine MRI data is highly repeatable and reasonable sample sizes are necessary to detect a longitudinal difference of 10 to 15% in strain values. The proposed FT method is applied on standard cine SSFP acquisitions, and on all main heart chambers (LV, RV, and LA) while using the exact same settings to extract various functional indices. Such functional indices were in the same range with those of previous studies for LV [START_REF] Andre | Age-and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature tracking[END_REF], LA [START_REF] Evin | Assessment of left atrial function by MRI myocardial feature tracking[END_REF] and RV [START_REF] Morton | Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking[END_REF].

The excellent inter-operator reproducibility measures reflect the high repeatability of our FT algorithm since repeated measurements were performed on the same MRI data, while varying the operator. Scan-rescan testing was slightly less repeatable despite the fact that consecutive measurements were performed by the same operator. This can be explained by the fact that the variability in scan-rescan measures reflects the summation of both FT algorithm and MRI acquisition (slice positioning and orientations) variabilities. Of note, MRI data used in this study were acquired 2 weeks apart according to standard clinical routine protocol, without specific recommendations to enhance the similarity of the acquired data. While, our study design mimics real clinical conditions that we can be subjected to, it is important to highlight that recommendations regarding acquisition protocols should be defined in studies specifically designed for follow-up. To the best of our knowledge, FT inter-study repeatability was evaluated only in 5 studies [START_REF] Morton | Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking[END_REF][START_REF] Andre | Age-and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature tracking[END_REF][START_REF] Kowallick | Quantification of atrial dynamics using cardiovascular magnetic resonance: inter-study reproducibility[END_REF][START_REF] Singh | Intertechnique agreement and interstudy reproducibility of strain and diastolic strain rate at 1.5 and 3 Tesla: a comparison of feature-tracking and tagging in patients with aortic stenosis[END_REF][START_REF] Zareian | Left atrial structure and functional quantitation using cardiovascular magnetic resonance and multimodality tissue tracking: validation and reproducibility assessment[END_REF], which focused only on either ventricles or atria. The majority of these studies were performed on small groups of healthy young volunteers [START_REF] Morton | Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking[END_REF][START_REF] Andre | Age-and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature tracking[END_REF][START_REF] Kowallick | Quantification of atrial dynamics using cardiovascular magnetic resonance: inter-study reproducibility[END_REF] and the MRI exam was repeated on the same day [START_REF] Morton | Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking[END_REF][START_REF] Kowallick | Quantification of atrial dynamics using cardiovascular magnetic resonance: inter-study reproducibility[END_REF], both factors that may favor reproducibility. Despite such differences in acquisition settings and populations, our interstudy reproducibility measures were in the lower range of CV values previously presented in the literature (CV ranged between 4.5 and 27.2% for all LV strain indices [START_REF] Morton | Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking[END_REF][START_REF] Andre | Age-and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature tracking[END_REF][START_REF] Singh | Intertechnique agreement and interstudy reproducibility of strain and diastolic strain rate at 1.5 and 3 Tesla: a comparison of feature-tracking and tagging in patients with aortic stenosis[END_REF], CV was equal to 29.9% for RV longitudinal strain [START_REF] Morton | Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking[END_REF], CV ranged between 5.7 and 28% for LA [START_REF] Kowallick | Quantification of atrial dynamics using cardiovascular magnetic resonance: inter-study reproducibility[END_REF][START_REF] Zareian | Left atrial structure and functional quantitation using cardiovascular magnetic resonance and multimodality tissue tracking: validation and reproducibility assessment[END_REF]). Of note, the lowest CV values were found in the studies focusing on young healthy subjects, in whom mean strain values are higher than in elderly subjects. This is expected since for the same absolute variation in strain for a young population with high mean strain values and for an elderly population with reduced mean strain values, CV would be higher in the elderly, compared to younger subjects. The proportion between these two CVs will be equal to the ratio between the mean strain values between elderly and young subjects.

Comparison against FT studies from previous literature can be performed in terms of FT algorithm repeatability and in terms of methodological settings needed for a relevant tracking. First algorithm repeatability is regarded while analysis is performed on the same dataset by two different operators revealing excellent performances for our FT algorithm since our inter-observer reproducibility measures fall in the lower parts of CV interval, defined from previous literature (CV ranged between 4.4 and 32.3% for all LV strain indices [START_REF] Yang | Prognostic value of biventricular mechanical parameters assessed using cardiac magnetic resonance feature-tracking analysis to predict future cardiac events[END_REF][START_REF] Schuster | Cardiovascular magnetic resonance feature-tracking assessment of myocardial mechanics: Intervendor agreement and considerations regarding reproducibility[END_REF][START_REF] Andre | Age-and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature tracking[END_REF][START_REF] Augustine | Global and regional left ventricular myocardial deformation measures by magnetic resonance feature tracking in healthy volunteers: comparison with tagging and relevance of gender[END_REF][START_REF] Kempny | Quantification of biventricular myocardial function using cardiac magnetic resonance feature tracking, endocardial border delineation and echocardiographic speckle tracking in patients with repaired tetralogy of Fallot and healthy controls[END_REF][START_REF] Lu | Usefulness of Right Ventricular Free Wall Strain to Predict Quality of Life in "Repaired" Tetralogy of Fallot[END_REF][START_REF] Taylor | Myocardial strain measurement with feature-tracking cardiovascular magnetic resonance: normal values[END_REF], CV ranged between 5.6 and 28.8% for all RV strain indices [START_REF] Yang | Prognostic value of biventricular mechanical parameters assessed using cardiac magnetic resonance feature-tracking analysis to predict future cardiac events[END_REF][START_REF] Kempny | Quantification of biventricular myocardial function using cardiac magnetic resonance feature tracking, endocardial border delineation and echocardiographic speckle tracking in patients with repaired tetralogy of Fallot and healthy controls[END_REF][START_REF] Prati | Right Ventricular Strain and Dyssynchrony Assessment in Arrhythmogenic Right Ventricular Cardiomyopathy: Cardiac Magnetic Resonance Feature-Tracking Study[END_REF][START_REF] Lu | Usefulness of Right Ventricular Free Wall Strain to Predict Quality of Life in "Repaired" Tetralogy of Fallot[END_REF], CV ranged between 8.0 and 15.3% for all LA strain indices [START_REF] Kowallick | Quantification of left atrial strain and strain rate using Cardiovascular Magnetic Resonance myocardial feature tracking: a feasibility study[END_REF][START_REF] Zareian | Left atrial structure and functional quantitation using cardiovascular magnetic resonance and multimodality tissue tracking: validation and reproducibility assessment[END_REF]). Again, in the majority of the above studies, analysis was performed on healthy young volunteers.

Of note, LV indices were slightly more reproducible for repeated MRI exams than those measured in the RV. Such differences between LV and RV might be explained by the more complex RV geometry and its trabeculated endocardium, which can hamper the positioning of the acquisition planes but also tracking process. One might highlight that our RV indices derived using myocardial FT are more reproducible than those previously derived manually, such as TAPSE (inter-observer CV=21.0%, ICC=0.78 [START_REF] Caudron | Diagnostic accuracy and variability of three semi-quantitative methods for assessing right ventricular systolic function from cardiac MRI in patients with acquired heart disease[END_REF]).

Sample sizes required to detect longitudinal changes of 10%, to 15% in strain indices were reasonably low for all chambers. Our table being calculated for elderly subjects and for all main heart chambers is complementary to the table previously provided by Kowallick et al. [START_REF] Kowallick | Quantification of atrial dynamics using cardiovascular magnetic resonance: inter-study reproducibility[END_REF] in a database of young healthy volunteers on LA indices. Such tables are given to help in the planning of future FT studies in terms of population size.

From the methodological comparison against literature studies using commercial software we can highlight the following original features of our FT tool: 1) no segmental selection or removal was necessary, in contrast to what was done previously [START_REF] Morton | Inter-study reproducibility of cardiovascular magnetic resonance myocardial feature tracking[END_REF][START_REF] Andre | Age-and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature tracking[END_REF][START_REF] Augustine | Global and regional left ventricular myocardial deformation measures by magnetic resonance feature tracking in healthy volunteers: comparison with tagging and relevance of gender[END_REF][START_REF] Prati | Right Ventricular Strain and Dyssynchrony Assessment in Arrhythmogenic Right Ventricular Cardiomyopathy: Cardiac Magnetic Resonance Feature-Tracking Study[END_REF][START_REF] Kowallick | Quantification of atrial dynamics using cardiovascular magnetic resonance: inter-study reproducibility[END_REF][START_REF] Kowallick | Quantification of left atrial strain and strain rate using Cardiovascular Magnetic Resonance myocardial feature tracking: a feasibility study[END_REF], 2) in contrast to [START_REF] Andre | Age-and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature tracking[END_REF][START_REF] Kempny | Quantification of biventricular myocardial function using cardiac magnetic resonance feature tracking, endocardial border delineation and echocardiographic speckle tracking in patients with repaired tetralogy of Fallot and healthy controls[END_REF][START_REF] Prati | Right Ventricular Strain and Dyssynchrony Assessment in Arrhythmogenic Right Ventricular Cardiomyopathy: Cardiac Magnetic Resonance Feature-Tracking Study[END_REF][START_REF] Singh | Intertechnique agreement and interstudy reproducibility of strain and diastolic strain rate at 1.5 and 3 Tesla: a comparison of feature-tracking and tagging in patients with aortic stenosis[END_REF] no manual correction was necessary after tracking since our choice was to redo the initialization on a single slice and the tracking in case of erroneous borders detection (as visually defined), 3) conversely to [START_REF] Schuster | Cardiovascular magnetic resonance feature-tracking assessment of myocardial mechanics: Intervendor agreement and considerations regarding reproducibility[END_REF][START_REF] Andre | Age-and gender-related normal left ventricular deformation assessed by cardiovascular magnetic resonance feature tracking[END_REF][START_REF] Kowallick | Quantification of atrial dynamics using cardiovascular magnetic resonance: inter-study reproducibility[END_REF][START_REF] Kowallick | Quantification of left atrial strain and strain rate using Cardiovascular Magnetic Resonance myocardial feature tracking: a feasibility study[END_REF], no averaging of several tracking results on the same slice was performed since we favored a backward and forward cyclic tracking through the cardiac cycle, which avoids the introduction of intraoperator variations and long processing times caused by repeated contours initializations [START_REF] Schuster | Cardiovascular magnetic resonance feature-tracking assessment of myocardial mechanics: Intervendor agreement and considerations regarding reproducibility[END_REF]. Furthermore, our FT algorithm underwent original testing in previous studies. First, effects of temporal and spatial resolution on the method implemented in this study, when using synthetic data, have been studied and revealed that up to 30 phases per cardiac cycle, strain changes remain reasonable [START_REF] Evin | Assessment of left atrial function by MRI myocardial feature tracking[END_REF]. Second, LA strain has been significantly associated to histological fibro-fatty infiltration in the LA myocardium [START_REF] Huber | Cardiac MR Strain: A Noninvasive Biomarker of Fibrofatty Remodeling of the Left Atrial Myocardium[END_REF]. This latter was performed on surgical LA myocardial samples excised for each patient after the MRI exam used for FT.

Limitations

The first limitation of this study is the small sample size. However, our primary goal was to focus on scan-rescan reproducibility of FT strain measurements through repeated MRI exams rather than providing reference strain values for all chambers. Besides, our population is among the largest used for inter-study repeatability evaluation. A second limitation is the 2D nature of the processed MRI data. This may introduce estimation errors in FT indices because of through plane motion or slice orientation and breath-holds variations between repeated exams. Future 3D MRI studies are needed to allow a more reliable tracking, without feature loss, and also a more comprehensive description of heart mechanics. However, compromise between anatomical coverage and temporal resolution should be considered in such studies. Despite these limitations, our study showed that highly reproducible strain and motion indices can be derived from dynamic MRI of all main heart chambers that are systematically acquired in clinical routine.

Conclusion

MRI FT strain measurement in all main heart chambers is fast and is highly reproducible between different operators and between repeated MRI exams, providing a robust tool for myocardial deformation evaluation in pathological settings but also in patients follow-up.

To these latter aims, sample size calculation was provided in an elderly population, which is representative of patients referred for cardiac MRI and can be considered as complementary data to those previously reported in young healthy volunteers on the left atrium. The good to excellent reproducibility of FT strain measurements and its feasibility on conventional cine MRI should foster its use in large populations to evaluate LV, RV or LA implication in various cardiomyopathies.

Figure 1 .

 1 Figure 1. Schematic diagram illustrating the tracking algorithm steps. A) Endocardial contour initialization on the diastasis phase, B) tracking similarity maps calculated with the adjacent time-phase, C) forward and backward tracking through the cardiac cycle and weighted estimation of the final contours for each time-phase (D).

  Finally, radial strain (Sr) was estimated only for the LV on short-axis views by calculating temporal changes in myocardial thickness Th(t) relative to and normalized by initial thickness Th(t0): Sr= (Th(t)-Th(t0))/Th(t0).

Figure 2 .

 2 Figure 2. Left ventricle (LV, red), right ventricle (RV, blue) and left atrium (LA, green) measures used for strain estimation. Longitudinal strain Sl(t)= (L(t)-L(t0))/L(t0), where t0 indicated the first image of the cardiac cycle and t the current image; circumferential strain Sc(t)= (C(t)-C(t0))/C(t0); radial strain Sr(t)= (Th(t)-Th(t0))/Th(t0), averaged over the whole circumference; radial motion fraction Mr(t)= (R(t)-R(t0))/R(t0) .

Figure 3 .

 3 Figure 3. Left ventricle (LV), right ventricle (RV) and left atrium (LA) longitudinal

Table 3 .

 3 98) Sl: longitudinal strain, Sc: circumferential strain, Sr: radial strain, Mr: radial motion fraction, TAPSE: tricuspid annular plane systolic excursion, FAC: fractional area change, Mean ± 1.96 SD: Bland-Altman mean difference ± 1.96 standard deviation of the differences, CV: coefficient of variation, ICC: intra-class correlation coefficient, CI: confidence interval, subscripts s, e, a: reservoir, conduit and LA contraction phases Scan-rescan and inter-operator reproducibility of ventricular and left atrial strain measurements derived from MRI Feature Tracking.

body surface area, BMI : body mass index, LV: left ventricular, RV: right ventricular, LA: left atrium, ESV / EDV: end-systolic/-diastolic volume, EF: ejection fraction, LAV: maximal LA volume, SBP / DBP : systolic/diastolic blood pressuresTable 1 .

 1 Subjects characteristics, blood pressures, heart rates and conventional MRI volumetric measurements (n = 21 subjects). P-values for comparison between the two MRI exams are provided.

	Age (y)	66 ± 10		
	Sex (female %)	8 (38 %)		
	BSA (m 2 )	1.77 ± 0.17		
	BMI (kg/m 2 )	23±3		
		EXAM. 1	EXAM. 2	p-Value
	SBP (mmHg)	119±12	114±12	0.04
	DBP (mmHg)	73±8	70±10	0.23
	Heart rate (bpm)	66±6	65±9	0.63
	LV ESV/BSA (mL/m 2 )	24±6	23±4	0.61
	LV EDV/BSA (mL/m 2 )	65±14	65±11	0.88
	LV EF (%)	63±5	63±5	0.55
	LV mass (g)	97± 25	98±23	0.72
	LV mass/BSA (g/m 2 )	54 ±10	55±10	0.69
	RV ESV/BSA (mL/m 2 )	31±10	30 ±7	0.99
	RV EDV/BSA (mL/m 2 )	72 ±17	74 ±14	0.48
	RV EF (%)	57±6	58±7	0.68
	LAV (mL)	59±10	59±9	0.50
	BSA :			

longitudinal strain, Sc: circumferential strain, Sr: radial strain, Mr: endocardial radial motion fraction, TAPSE: tricuspid annular plane systolic excursion, FAC: fractional area change, subscripts s, e, a: reservoir, conduit and LA contraction phasesTable 2 .

 2 Ventricular and left atrial strain measurements derived from MRI Feature Tracking. P-values for comparison between the two MRI exams are provided.

		EXAM. 1	EXAM. 2	P-Value
	Left ventricular functional indices		
	Sl (%)	-15.78 ±3.24	-15.27 ±3.18	0.18
	Sc (%)	-18.74 ±2.67	-19.42 ±2.96	0.11
	Sr (%)	41.39 ±6.74	43.13 ±7.90	0.31
	Mr (%)	-29.30 ±3.99	-30.31 ±4.36	0.15
	Right ventricular functional indices		
	Sl (%)	-28.76 ±6.38	-28.09 ±8.09	0.63
	Sc (%)	-18.10 ±3.89	-17.62 ±3.66	0.54
	Mr (%)	-20.65 ±4.35	-20.59 ±4.06	0.93
	TAPSE(mm)	21.80 ±6.62	20.39 ±7.25	0.21
	Left atrium functional indices			
	Longitudinal deformation			
	Sl s (%)	23.94 ±8.14	23.41 ±7.57	0.50
	Sl e (%)	11.32 ±5.30	10.80 ±5.67	0.39
	Sl a (%)	12.61 ±4.39	12.61 ±3.75	0.96
	Fractional area change			
	FAC s (%)	37.75 ±7.69	37.08 ±6.98	0.16
	FAC e (%)	15.18 ±5.46	14.21 ±5.65	0.04
	FAC a (%)	22.58 ±5.84	22.87 ±5.77	0.64
	Sl:			

longitudinal strain, Sc: circumferential strain, Sr: radial strain, Mr: radial motion fraction, TAPSE: tricuspid annular plane systolic excursion, FAC: fractional area change, subscripts s, e, a: reservoir, conduit and LA contraction phases.

  

		5 %	10 %	15 %		5 %	10 %	15 %
	Left ventricle				Left atrium Longitudinal deformation			
	Sl (%)	68	17	8	Sl s (%)	59	15	7
	Sc (%)	42	11	5	Sl e (%)	261	65	29
	Sr (%)	133	33	15	Sl a (%)	229	57	25
	Mr (%)	61	15	7				
	Right ventricle				Fractional area change			
	Sl (%)	169	42	19	FAC s (%)	33	8	4
	Sc (%)	166	41	18	FAC e (%)	132	33	15
	Mr (%)	128	32	14	FAC a (%)	124	31	14
	TAPSE (mm)	246	62	27				
	Sl:							

Table 4 .

 4 Sample sizes determined from inter-study reproducibility findings.
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