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Post-myocardial infarction remodeling process is known to alter the mechanical properties of the heart. Biomechanical parameters, such as tissue stiffness and contractility, would be useful for clinicians to better assess the severity of the diseased heart. However, these parameters are difficult to obtain in the current clinical practice. In this paper, we estimated subject-specific in vivo myocardial stiffness and contractility from 21 healthy volunteers, based on left ventricle models constructed from data acquired from routine cardiac MR acquisition only. The subject-specific biomechanical parameters were quantified using an inverse finite-element modelling approach. The personalized models were evaluated against relevant clinical metrics extracted from the MR data, such as circumferential strain, wall thickness and fractional thickening. We obtained the ranges of healthy biomechanical indices of 1.60 ± 0.22 kPa for left ventricular stiffness and 95.13±14.56 kPa for left ventricular contractility. These reference normal values can be used for future model-based investigation on the stiffness and contractility of ischemic myocardium.

Introduction

Ischemic heart disease occurs due to the constriction of the coronary arteries, causing reduced supply of blood and oxygen to the heart muscles. This eventually leads to myocardial functional impairment and scarring. Post-infarction remodeling modifies the mechanical behavior of the myocardium [START_REF] Richardson | Physiological implications of myocardial scar structure[END_REF], making stiffness and contractility good potential prognostic parameters. Unfortunately, clinicians normally lack information on these biomechanical parameters, since direct measurement is very challenging, if not impossible. Mechanical models capable of predicting subject-specific stiffness and contractility would be a useful tool to assess the condition of an ischemic patient. However, before performing any measurement on ischemic hearts, it is necessary to first establish the range of normal LV stiffness and contractility.

The determination of subject-specific constitutive material parameters is a challenging inverse problem involving several key components: hearts shape, tissue structure and motion representation, myocardial material modeling, definition of appropriate boundary and loading conditions and optimization strategy [START_REF] Wang | Image-based predictive modeling of heart mechanics[END_REF]. Cardiac imaging modalities such as cardiac magnetic resonance (CMR) now provide access to several of the complementary information needed to build cardiac models e.g. geometry, tissue characteristics, and motion. Several finite element (FE)-based studies have addressed the identification of diastolic mechanical parameters of the myocardium within an optimization process in reference to myocardial displacement [START_REF] Xi | The estimation of patient-specific cardiac diastolic functions from clinical measurements[END_REF][START_REF] Wang | Modelling passive diastolic mechanics with quantitative MRI of cardiac structure and function[END_REF], strains [START_REF] Walker | MRI-based finite-element analysis of left ventricular aneurysm[END_REF], strains and volumes either simultaneously [START_REF] Gao | Changes and classification in myocardial contractile function in the left ventricle following acute myocardial infarction[END_REF] or separately [START_REF] Genet | Distribution of normal human left ventricular myofiber stress at end diastole and end systole: a target for in silico design of heart failure treatments[END_REF][START_REF] Pena | Unraveling changes in myocardial contractility during human fetal growth: a finite element analysis based on in vivo ultrasound measurements[END_REF]. Estimation of myocardial contractility requires the incorporation of subject-specific active contraction, which often results in the estimation of one active parameter of various active tension formulations. Table 1 presents a non-exhaustive list of models (with initial geometry, active and passive constitutive laws, and boundary conditions used) developed to estimate the passive and active mechanical properties of the myocardium. The variety of estimated passive parameters in various conditions is visible in Table 4 for human studies. Genet et al. proposed a personalization method to construct a reference left ventricular stress map [START_REF] Genet | Distribution of normal human left ventricular myofiber stress at end diastole and end systole: a target for in silico design of heart failure treatments[END_REF]. Their study managed to find a normal range of myocardial contractility, but it was limited to five healthy subjects who underwent extensive CMR acquisitions, which are time-consuming, costly, and not suitable for every individual.

In this study, we aim to estimate left ventricular stiffness and contractility of 21 healthy subjects based on routine cardiac cine CMR acquisition. 

Methods

Subjects datasets

Two cardiac MR datasets of healthy volunteers were used in this study. The first dataset (n=11, 9 males) is open-access, available within the context of a MICCAI STACOM Challenge [START_REF] Tobon-Gomez | Benchmarking framework for myocardial tracking and deformation algorithms: an open access database[END_REF]. The second dataset was part of the MAR-VEL cohort run by CHU Saint-Etienne, France (n=10, 4 males). The MARVEL study (ID RCB 2016-A00913-48) was approved by the local ethical committee (URB #6/052) and is registered at ClinicalTrials.gov (NCT03064503). All patients provided written informed consent. Unfortunately, no pressure measurements were recorded during the examinations for these two datasets.

Processing of MR data

The MICCAI dataset has a pixel size of 1.25 mm and a slice thickness of 8 mm, whereas the MARVEL dataset has a pixel size of 0.55 mm and a slice thickness of 7 mm. LV segmentation was performed on the short-axis, the 2-chamber and 4-chamber long-axis images within CVI42 software (©Circle Cardiovascular Imaging Inc., Figure 1-top). The end-systolic (ES) and end-diastolic (ED) volumes of each subject were computed from the segmented endocardial surfaces. The LV wall was meshed with hexahedral elements in the FE software ABAQUS (©Dassault Systemes) (Figure 2). The mesh for each model consisted of 3745 ± 450 C3D8R elements and 4521 ± 539 vertices. We verified our chosen mesh density via a mesh convergence analysis. The ES strains for each subject were computed using the Feature Tracking (FT) technique available in CVI42 (Figure 1-bottom). The ES strain was calculated with respect to ED configuration. 

LV myocardial modelling

In the present work, the ES geometry has been chosen as the reference configuration ; it was directly accessible from clinical MRI data (with the enddiastolic one). We therefore assumed that the ES geometry was closer to the one at the end of isovolumic relaxation configuration [START_REF] Asner | Estimation of passive and active properties in the human heart using 3D tagged MRI[END_REF][START_REF] Asner | Patient-specific modeling for left ventricular mechanics using datadriven boundary energies[END_REF], the state where both volume and pressure are minimal and the closest to unloaded configuration. Figure 3 illustrates the fiber arrangement attributed to the LV myocardium according to the description in [START_REF] Bovendeerd | Determinants of left ventricular shear strain[END_REF]. Appendix A provides the mathematical formulation of the myocardial fiber arrangement. Myocardial passive behavior was modeled by transversely-isotropic hyperelastic material [START_REF] Guccione | Passive material properties of intact ventricular myocardium determined from a cylindrical model[END_REF], while active behavior was defined by a stretch-dependent active law [START_REF] Guccione | Mechanics of active contraction in cardiac muscle: Part IIcylindrical models of the systolic left ventricle[END_REF]. They were implemented in the user material (UMAT) subroutine for the FE solver ABAQUS/Standard.

The passive material behavior is parameterized by 4 material parameters

(C 0 , b f , b t , b f t ).
C 0 is the linear constant that determines the overall isotropic stiffness of the myocardium, b f , b t determines the stiffness in the local myocardial fiber directions, and the transverse directions, respectively, whereas b f t defines the shear stiffness. The ratio of b f to b t to b f t was kept fixed at 1.0 to 0.4 to 0.7, in accordance to the finding of Wenk et al. [START_REF] Wenk | First evidence of depressed contractility in the border zone of a human myocardial infarction[END_REF]: b t = 0.4b f ; b f t = 0.7b f . This approach limits the material parameters identification to 2 parameters, C 0 and b f . The active stress law is linearly-scaled by its maximal value T max , which needs to be identified for each subject. Further details can be found in Appendix B.

The base ring was kept fixed (Figure 2), while the epicardium was boundaryfree. In the normal heart, the base plane exhibits a large longitudinal displacement toward the apex (up to 1cm) while the apex moves much less. However, the imposed constraint (adopted in most of the 3D finite element simulations) helps to stabilize the numerical solution and should not drastically alter the intraparietal distributions of stresses and strains, which are the mechanical responses of interest in this study. FE Simulations were performed by imposing a prescribed volume change to the LV cavity using an integrated optimization process available in the ABAQUS software, which iteratively calculates the amplitude of the cavity pressure that must be imposed in order to satisfy the required LV volume.

Quasi-incompressibility is enforced by setting the bulk modulus to be close to that of water [START_REF] Holzapfel | Nonlinear Solid Mechanics: A Continuum Approach for Engineering[END_REF].

Model personalization

Three parameters were to be identified for each subject; C 0 and b f for the passive law, and T max for the active law. We identified the passive and active parameters separately using a 2-point simulation approach [START_REF] Genet | Distribution of normal human left ventricular myofiber stress at end diastole and end systole: a target for in silico design of heart failure treatments[END_REF][START_REF] Sun | A computationally efficient formal optimization of regional myocardial contractility in a sheep with left ventricular aneurysm[END_REF].

The passive parameters C 0 and b f were identified so that the distance between the simulated end-diastolic pressure-volume relationship (EDPVR) and that of Klotz et al. [START_REF] Klotz | Single-beat estimation of end-diastolic pressure-volume relationship: a novel method with potential for noninvasive application[END_REF] was minimized. Note that the value of the ED pressure results from this optimization process (close to 9mmHg = 1.2kP a). Once the passive parameters C 0 and b f were identified for each subject, the active parameter T max was identified by matching a normal ES pressure of 120mmHg(16kP a).

The parameters identification was performed using the Nelder-Mead optimization available in MATLAB (©MathWorks) [START_REF] Lagarias | Convergence properties of the Nelder-Mead simplex method in low dimensions[END_REF]. The cost function for the diastolic personalization was the sum of squared error between the "Klotz" curve pressure P klotz and the predicted pressure P sim for the corresponding normalized volume values i being compared. For the systolic personalization, the active material parameter was optimized to result in the targeted ES pressure.

Model evaluation

In vivo ES circumferential strain values measured with FT technique on cine

MR images were interpolated on the finite-element mesh. These interpolated strains were compared with the personalized simulation strains. Only circumferential strains were compared, as radial strain extracted from FT technique was found to not correlate well with other LV strain measurement techniques [START_REF] Augustine | Global and regional left ventricular myocardial deformation measures by magnetic resonance feature tracking in healthy volunteers: comparison with tagging 29 and relevance of gender[END_REF][START_REF] Padiyath | Echocardiography and cardiac magnetic resonance-based feature tracking in the assessment of myocardial mechanics in Tetralogy of Fallot: An intermodality comparison[END_REF], and to be less robust and reproducible [START_REF] Lu | Strain measurement by cardiovascular magnetic resonance in pediatric cancer survivors: validation of feature tracking against harmonic phase imaging[END_REF][START_REF] Schuster | The intraobserver reproducibility of cardiovascular magnetic resonance myocardial feature tracking strain assessment is independent of field strength[END_REF]. Longitudinal strains were not compared as only 2-long-axis images were acquired, leading to insufficient number of calculated strain points for our validation purpose.

A set of global LV function metrics were calculated from the subject-specific models: ED wall thickness (EDW T ), systolic fractional thickening (SF T ), global longitudinal strain (GLS) and segmental rotations (ROT ). These LV metrics were obtained referring to Figure 4 as follows:

• EDWT: wall thickness at ED (mm)

• SFT = 100 * (ESW T -EDW T )/EDW T : systolic fractional thickening (%), i.e. the relative difference between the wall thickness at ES and ED with respect to ED • GLS = 100 * (EDL -ESL)/EDL: global longitudinal strain (%), the relative difference between the length along the myocardial longitudinal direction at ES and ED with respect to ED.

• ROT base and ROT apex : segmental rotation (degrees), which are calculated by observing the angular displacement of a point at basal and apical levels with respect to the LV axis, denoted as θ base and θ apex in Figure 4, respectively. We assumed counter-clockwise rotation to be positive as seen from apex.

As an additional method evaluation, the metrics obtained from the midventricle region of the personalized models were compared to the ones measured from cine MR images and to the normal values found in literatures. The modelpredicted EDW T and SF T values were compared to the values computed from the MR images. Moreover, all four metrics from our personalized models were also compared to the normal values found in literature.

LV stiffness and contractility indices

We use the initial Young's modulus of the passive myocardium in the fiber direction to represent the subject-specific LV stiffness with one scalar index.

The mathematical expression of this parameter is detailed in Appendix B. This stiffness index (SI ) reflects the behavior of the transversely isotropic incompressible passive myocardium at its initial configuration (i.e. zero-stress state).

We considered the optimized T max parameter as the subject-specific index of myocardial contractility (CI ). Both indices are expressed in kPa. 

Statistical analysis

The correlations between the ejection fraction (EF), myocardial volume, enddiastolic or end-systolic volume, contraction index (CI ) and stiffness index (SI )

were analyzed by multiple linear regression using a commercially available software package (SigmaStat 3.5, Systat Software, Inc., Point Richmond, CA, USA).

Regressions with probability values p < 0.001 were considered statistically significant.

Results

Subject-specific MR data

Table 2 displays the LV metrics for all subjects. 'Measured' lists the metrics obtained from the MR data. ED wall thickness is established to be different between male and female: in our study we found ED wall thickness of 8.1 ± 1.3 mm and 6.1 ± 0.8 mm for male and female subjects, respectively. 

Model personalization evaluation

The one-parameter (CI ) personalization process conducted to the targeted ES pressure of 16kP a for all the cases. The average optimized ED pressure in the SI identification process was 1.28kP a. 2 also reports on the goodness-offit between imaging data and model i.e. ED wall thickness, systolic fractional thickening and circumferential strain for the short axis direction and the global longitudinal strain for the long-axis direction. Figure 6 shows the Bland-Altman respectively. E f and E cf are the initial Young's modulus in the fiber and cross-fiber direction, respectively. (see Appendix B for details). The parameter α is defined as plots comparing the measured and simulated ES circumferential strains, midventricular ED wall thickness and systolic fractional thickening. Figure 7 shows the segmental circumferential strain error of our personalized models from the midventricular slices of four cases.

α = b f + bt + b f t . Study C 0 b f b t b f t α SI = E f E cf E f /E cf CI (kPa) (kPa) (kPa) (kPa 
On average, our personalized models had an ED wall thickness of 8.7 ± 0.9 mm (basal), 8.9 ± 0.7 mm (medial), 8.8 ± 0.9 mm (apical) for male subjects, and 6.7 ± 0.5 mm (basal), 6.3 ± 1.0 mm (medial), 5.7 ± 0.8 mm (apical) for female subjects (Figure 8). Similarly, we divided the results from LV systolic fractional thickening into basal, medial and apical positions on the left ventricles (Figure 9(a)). On average, our personalized models resulted in SFT of 72.0 ± 17.7 % (basal), 69.2 ± 8.5 % (medial) and 56.9 ± 7.6 % (apical). In addition, our personalized models lead to an average GLS values of -15.1 ± 1.9 % (Figure 9(b)). With respect to the ED condition, average segmental rotations of +11.8°± 0.7°and -3.0°± 2.6°for basal and apical levels, respectively, were observed in our models. shown in [START_REF] Wang | Left ventricular diastolic myocardial stiffness and end-diastolic myofibre 30 stress in human heart failure using personalised biomechanical analysis[END_REF].

Subject-specific biomechanical indices

Discussion

Despite the clear advantages for clinicians and biomedical engineers in estimating the in vivo left ventricular mechanical properties, no studies on a non-invasive estimation method have been developed and validated solely based on data acquired from routine clinical data. The present work is one of the first that use inverse FE modeling and measurements from routine cine CMR acquisitions to estimate subject-specific left ventricular stiffness and contractility on twenty-one healthy subjects. Our personalization approach was extensively evaluated against measured regional LV metrics in the form of circumferential strain values and against measured global LV metrics such as ED wall thickness and systolic fractional thickening. The range of biomechanical indices found in this study (Table 3) could serve as a reference for in silico diagnosis of potential cardiac pathologies. Table 4 presents the results of the estimation of mechanical parameters performed on the 21 healthy volunteers, with a comparison with some values reported in the literature. Because of the large variability observed in the values of the constitutive parameters, it remains difficult to compare them among the published works. This is notably due to the wide variety of approaches used to solve the inverse biomechanical problem. In addition, the obtained parameter values strongly depend on the optimization scheme used, the solution of which is generally not unique [START_REF] Xi | An automatic data assimilation framework for patient-specific myocardial mechanical parameter estimation[END_REF]. The lack of a standardized characterization of the passive properties of the myocardium (through e.g. 'normal' parameter value range) represents a major problem that limits the use of such patient-specific biomechanical modeling approaches for clinical diagnosis.

One group has recently suggested that by simultaneously considering two cost functions, one based on energy and the other on geometry, it was possible to uniquely determine the set of solutions (C 0 , α = b f + b t + b f t ) in the case of the constitutive law of the transversely isotropic material [START_REF] Nasopoulou | Improved identifiability of myocardial material parameters by an energy-based cost function[END_REF]. This is a promising way to unify and compare stiffness measurements obtained by different authors and to extract clinically meaningful reference values. In a sensitivity study (not reported in this paper), the impacts of C 0 , b f , CI , myofiber helix angle α h , and transverse angle α t onto myocardial mechanical strains (E cc , E rr , E ll , and E rc )

has been assessed at basal, mid and apical levels. Their values were varied between 0.7 and 1.3 times the reference value. It was observed that the evolution of the strains was globally consistent and smooth. In particular, both stiffness indices (C 0 and b f ), and therefore SI , had a negative correlation with strains.

CI had a positive correlation with the radial strain E rr .

The circumferential strains obtained with the FT technique were within the normal range as found in literature [START_REF] Kawel | Normal left ventricular myocardial thickness for middle-aged and older subjects with steady-state free precession cardiac magnetic resonance[END_REF][START_REF] Lang | Recommendations for chamber quantification: A report from the american society of echocardiographys guidelines and standards committee and the chamber quantification writing group, developed in conjunction with the european association of echocardiography, a branch of the european society of cardiology[END_REF][START_REF] Rodrigues | The relationship between left ventricular wall thickness, myocardial shortening, and ejection fraction in hypertensive heart disease: Insights from cardiac magnetic resonance imaging[END_REF][START_REF] Schuster | The intraobserver reproducibility of cardiovascular magnetic resonance myocardial feature tracking strain assessment is independent of field strength[END_REF][START_REF] Ubachs | Normal values for wall thickening by magnetic resonance imaging[END_REF]. In total, 771 ± 132 strain points were computed via the FT technique on cine MR images per subject for circumferential strain. The shift between measured and simulated values are in average low for ED wall thickness (-0.56 ± 0.98mm), systolic fractional thickening (-1.8 ± 24.4%) and circumferential strain (-0.89 ± 3.8%), indicating a good match in the radial-circumferential directions (Table 2). The average shift for GLS is however larger (5.3 ± 4.3%). The average measured value is significantly high -9.8 ± 3.7 %, and far from the range for normal human values [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] Moore | Threedimensional systolic strain patterns in the normal human left ventricle: characterization with tagged MR imaging[END_REF]. This probably results from the estimation that was based only on 2 long-axis images, which led to 29 ± 7 longitudinal strain points computed on average per subject. On the contrary, the average simulated GLS value is closer to the normal range (-15.1 ± 2%).

We also compared the global LV pump functions from the personalized models with the normal values found in literature. Figure 8 and Figure 9 show these comparisons for ED wall thickness, systolic fractional thickening and global longitudinal strain. The box-plots represent the values from our personalized model and the arrows represent the reference values found in literature. These LV metrics obtained from the MR data were also in agreement with literature.

The segmental rotations predicted by our personalized models were in agreement with [START_REF] Lorenz | Delineation of normal human left ventricular twist throughout systole by tagged cine magnetic resonance imaging[END_REF][START_REF] Young | Two-dimensional left ventricular deformation during systole using magnetic resonance imaging with spatial modulation of magnetization[END_REF]. Since LV torsion is highly dependent on endocardial and epicardial contraction, LV geometry and myocardial fiber arrangement, this showed that the rule-based myocardial fiber architecture in our model was able to produce realistic physiological torsional deformation of the LV.

No significant bias is observed for both ES circumferential strain and systolic fractional thickening. The bias for ED wall thickness is about -0.5mm expressing a slight tendency to higher MRI-based measurements (Figure 6(b)).

There seems to have a magnitude dependence of the systolic fractional thickening (Figure 6(c)); this is not the case for the other measurements. While limits of agreement remain acceptable for circumferential strain and wall thickness (Figures 6(a) and 6(b)), they are significantly high for systolic fractional thickening (Figure 6(c)). Our personalized approach was able to produce similar circumferential strains to the measured ones (Figure 6(a)). However, two of the male subjects -#11 and #19 -were found to be outliers (Figure 6(a)). Table 5 lists in details the image-based measured ED wall thickness of these subjects, which were relatively thicker in comparison with the remaining male subjects and from the literature [START_REF] Kawel | Normal left ventricular myocardial thickness for middle-aged and older subjects with steady-state free precession cardiac magnetic resonance[END_REF]. Furthermore, subject #11 had a reduced global circumferential strain of -11.2 ± 6.7 % as measured with the FT technique, which might be an indication of hypertensive cardiomyopathy [START_REF] Rosen | The prognostic value of global circumferential strain in patients withsuspected myocardial disease[END_REF]. The limitations of the present study are mainly related to modelling assumptions. The exclusion of the right ventricle in the model definitely affects the distribution of the circumferential strains. We also neglected the multiphysics aspects of a functional heart, i.e. hemodynamics and electrophysiology.

Another limitation is that, due to the absence of pressure measurements, our model personalization was based on normal ED and ES pressures found in literature. A very interesting study has considered the impact of the uncertainty in the pressure values based on their modelling approach [START_REF] Xi | Understanding the need of ventricular pressure for the estimation of diastolic biomarkers[END_REF]. They found that the PV-based approach (Klotz like) lead to reasonable stiffness results on 18 healthy and pathological cases. We therefore assumed that this approximation can be considered valid for healthy subjects, although probably not for patients. Moreover, our validated models were limited to reflect the mechanical properties of 

W V = 1 D (J - 1 J )
where D determines the material incompressibility and J is the Jacobian of the deformation gradient F: J = det(F). To enforce quasi-incompressibility, D is set to 0.001 in our study, so that the bulk modulus of the tissue is close to that of water.

The deviatoric part of the strain energy density function is as follows:

W I = C 0 2 (e Q -1) Q = b f Ē2 f f + b t ( Ē2 ss + Ē2 nn + Ē2 sn + Ē2 ns ) + b f t ( Ē2 f s + Ē2 sf + Ē2 f n + Ē2 nf )
where C 0 is the linear passive parameter constant, b f , b t and b f t are the exponential parameter constants. In this study, we kept the exponential ratio fixed, i.e. b f : b t : b f t is equal to 1.0 : 0.4 : 0.7, in accordance to the findings by Wenk et al [START_REF] Wenk | First evidence of depressed contractility in the border zone of a human myocardial infarction[END_REF]. E is the Green-Lagrange strain tensor, where the prefixes f , s and n denote the myofiber, sheet and sheet-normal directions, respectively. Ē is the deviatoric part of the Green strain, which is defined by:

Ē = 1 2 ( FT . F -I) with F = J -1 3 F
The stiffness index proposed in our study is defined in accordance to the linearization of the stress-strain relationship described in [START_REF] Payan | Biomechanics of Living Organs: Hyperelastic Constitutive Laws for Finite Element Modeling[END_REF] (Chapter 1, equation 23 and 24):

E (1) = C0 2 (2b f + b t ) = SI (1) 
E (2) = E (3) = C0bt(2b f +bt) b f +bt (2) 
where E (i) denotes the linearized stiffness in the i direction. The stiffness index SI (Eq. 1) was therefore defined as the amplitude of the initial Young's modulus of the passive myocardium in the fiber direction E f (i.e., SI = E f = E (1) ).

Using a transversely-isotropic constitutive law and assuming b t = 0. During active contraction, the active tension is added to the passive second Piola-Kirchhoff stress tensor T as follows:

T = T passive + T active
where T passive is the first derivation of the strain energy density function with respect to the Green strain tensor, i.e. ∂W ∂E . The active tension is dependent on the stretch in the local myofiber direction as follows:

T active = T max Ca 2 0 Ca 2 0 + ECa 2 50 C t
where T max is the active parameter need to be identified, representing the maximum isometric tension the tissue is able to generate. Ca 0 is the peak intracellular calcium concentration. The length-dependent calcium sensitivity (ECa 2 50 ), the time-related scaling (C t ), and the current sarcomere length (l) are given by: ECa 50 = (Ca 0 ) max √ e B(l-l0) -1 and where (Ca 0 ) max is the maximum peak intracellular calcium concentration, B is a constant that governs the shape of peak isometric tension-sarcomere length relation, l 0 is the sarcomere length when no active tension develops, t 0 is the peak tension time, t r is the duration of the relaxation, m and b are constants that govern the relation of the relaxation duration and sarcomere length, and l r is the stress-free sarcomere length. The values of the parameters are listed in Table 7 in accordance to [START_REF] Guccione | Mechanics of active contraction in cardiac muscle: Part IIcylindrical models of the systolic left ventricle[END_REF]. We defined the patient specific contractility index as : CI = T max . 

C t = 1 2 ((1 -cos(ω)) ω =            0 ≤ t <

  These biomechanical parameters are quantified by personalizing a FE mechanical model of the LV. The models were validated individually through comparison against measured strains and other clinically relevant measurements, i.e. enddiastolic wall thickness, systolic fractional thickening, global circumferential and longitudinal strains. The main goal of this study is to propose an initial step toward estimating and verifying subject-specific left ventricular stiffness and contractility based on routine CMR acquisitions.

Figure 1 :

 1 Figure 1: Top: short-axis, 2-chamber and 4-chamber long-axis cine images (from left to right). Bottom: Feature Tracking results; boundary points, tracking mesh, circumferential strain map (from left to right)

Figure 2 :

 2 Figure 2: Meshed geometries of the left ventricles at end systole from four subjects

Figure 3 :

 3 Figure 3: Left: definition of helix (α h ) and transverse (αt) angles within the normalized coordinate system (Appendix A). Right: spatial distribution of helix angle (top) and transverse angle (bottom)

Figure 4 :

 4 Figure 4: Illustration for the LV metrics. See text for the complete formula (EDWT and ESWT: end-diastolic and end-systolic wall thickness, EDL and ESL: end-diastolic and end-systolic length, θ base and θapex: basal and apical rotations)

Figure 5

 5 shows an example of the personalized LV dynamics of a healthy volunteer, where the top figures show the distribution of ES myofiber strain and stress, and the bottom figures shows a midventricular slice of deformed simulated LV geometry at ED and ES superimposed with the respective MR images. The comparison of anatomical and functional parameters given in Table

Figure 5 :

 5 Figure 5: Personalized model from one healthy volunteer data (subject #5). Top: myofiber strain (left) and stress (right) at ES. Bottom: deformed midventricular slice of one LV model in yellow superimposed with the MR images at ED (left) and ES (right)

Figure 6 :

 6 Figure 6: Bland-Altman plots: simulated vs MRI-based measurements for (a) circumferential strain (arrows indicate the outliers), (b) end-diastolic wall thickness, and (c) systolic fractional thickening.

Figure 7 :

 7 Figure 7: Segmental circumferential strain error (FT -personalized simulation) from a midventricular slice of four cases. The error is represented as a mean of circumferential strain point-to-point difference (simple subtraction) in each segment

Figure 8 :Figure 9 :

 89 Figure 8: ED wall thickness calculated from the personalized models at basal (a), medial (b) and apical (c) levels for 21 subjects (13 males). The arrows are reference values from Lang et al. [29] (red) and Kawel et al. [30] (black)

left ventricle in 2 -

 2 points of the cardiac cycle, end-diastole and end-systole. The unicity of the estimated stiffness and contractility parameters was not mathematically proven. However, by imposing the proportionality between b f , b t and b f t as in[START_REF] Wenk | First evidence of depressed contractility in the border zone of a human myocardial infarction[END_REF], the estimation for the passive part is constrained to two parameters only (namely C 0 and b f ), enforcing a local convergence to convenient solutions. Furthermore, the co-dependence of the stiffness and contractility parameters is limited by solving sequentially for the two passive parameters (C 0 and b f ) and the contractility index (CI = T max ). Despite remaining issues, the study demonstrates promising value for clinical research as the proposed approach allows the quantification of LV myocardial rigidity and contractility based on a personalized model constructed only from routine cardiac MR data. Conclusion Left ventricular stiffness and contractility from 21 normal subjects were estimated using routine cardiac cine MR data and personalized cardiac modelling. The modelling approach was extensively validated by comparison of measured/estimated local circumferential strain and other global LV function metrics. The range of biomechanical indices obtained in this study could serve as reference normal values to investigate the degree of severity of ischemic myocardium. The prognosis values of these indices should be explored further within a clinical longitudinal study.

  4b f and b f t = 0.7b f , the expressions of the Youngs moduli in the fiber and cross-fiber(E cf ) directions become: E f = E (1) = 1.2 C 0 b f and E cf = E (2) = E (3) = 0.69 C 0 b f .

Table 2 :

 2 Mean and standard deviation (SD) of LV metrics across all subjects, as well as the differences between measured and personalized simulated values (Ecc: circumferential strain, GLS: global longitudinal strain).

	Subject metrics	Measured	Simulated	
				meas-sim
	n = 21, 13 male	(meas)	(sim)	
	End-diastole	137.3 (25.8)	
	Volume (ml)			-
	End-systole	58.8 (11.6)	
	End-diastole	1.2 (prescribed)	1.28 (0,0014)	0.08 (0,0014)
	Pressure (kPa)			
	End-systole	16		-
	Ejection fraction (%)	57.1 (3.7)	-
	ED wall thickness (mm)	7.3 (1.5)	7.9 (1.6)	-0.56 (0.98)
	Systolic fractional thickening (%)	67.4 (23.7)	69.2 (8.5)	-1.8 (24.4)
	Ecc (%)	-17.4 (2.6)	-17.0 (2.6)	-0.89 (3.8)
	GLS (%)	-9.8 (3.7)	-15.1 (1.9)	5.3 (4.3)

Table 3 :

 3 Subject-specific stiffness (SI ) and contractility (CI ) indices for the 21 subjects. The unit of the indices are in kP a

		#1	#2	#3	#4	#5	#6	#7	#8	#9	#10	#11
	SI	1.61	1.46	1.69	1.63	1.73	1.97	1.24	1.56	1.46	1.67	1.38
	CI 92.92 82.58 82.66 79.79	89.40 97.16 78.29 81.19 86.86 84.20	124.83
		#12	#13	#14	#15	#16	#17	#18	#19	#20	#21 Mean(SD)
	SI	1.50	1.56	1.56	1.81	1.84	1.56	1.92	1.01	1.62	1.75	1.60(0.22)
	CI 98.41 100.42 88.22 115.61 115.76 99.71 109.27 87.95 121.47 80.95 95.13(14.56)

Table 4 :

 4 Estimated constitutive law parameters for healthy cases from similar studies in the literature. SI and CI are our proposed stiffness and contractility indices,

Table 3

 3 lists the personalized material parameters and indices. The average LV stiffness index SI was 1.60 ± 0.22 kPa across all subjects, while the average contractility index CI was 95.13 ± 14.56 kPa. Those values are compared to values obtained by similar studies in Table4. Multiple linear regression analyses were carried out on the 21 cases to look for potential correlations between the five

following parameters: stiffness index (SI , unit: kPa), ejection fraction (EF ), end-diastolic volume (EDV, unit: ml) or end-systolic volume (ESV, unit: ml), myocardial volume (MV, unit: ml), and the contractility index (CI , unit: kPa).

Only two independent variables (namely, SI and CI ) appear to be statistically correlated to EF estimation. We found that the ejection fraction increases with CI and decreases with SI : EF = 0.133CI -19.782SI + 70.765, with R 2 = 0.96 and p < 0.001. This shows a relationship between SI , CI and EF although the very small range of EF values (57.1 ± 3.7%) for this population of normal subjects. It is expected that SI and CI would be able to differentiate subjects with reduced EF from controls and even subjects with preserved EF as nicely

Table 5 :

 5 MR-based ED wall thickness and circumferential strains of subjects #11

	and #19 compared with the remaining 11 male subjects and literature values [30]
		(Ecc: circumferential strain)		
	Measurements Mean (SD)	basal	ED wall thickness (mm) medial apical	mean	Ecc (%)
	#11	10.8	8.0	8.5	9.1	-11.2 (6.7)
	#19	8.8	9.2	6.7	8.2	-20.0 (7.2)
	Others (n=11)	8.5 (1.1)	8.1 (1.3)	6.8 (1.2)	7.8 (1.0)	-17.6 (2.4)
	Kawel et al. [30] (n=300)	8.3 (1.0)	7.2 (1.0)	5.6 (1.0)	7.03 (1.0)	-

Table 6 :

 6 Parameter values for the rule-based myocardial fiber arrangement[START_REF] Rijcken | Optimization of cardiac fiber orientation for homogeneous fiber strain during ejection[END_REF] 

	Parameters Values
	h 10	0.362 rad
	h 11	-1.16 rad
	h 12	-0.124 rad
	h 13	0.129 rad
	h 14	-0.0614 rad
	h 22	0.0984
	h 24	-0.0501
	t 11	-0.626
	t 12	0.502
	t 21	0.626 rad
	t 23	0.211 rad
	t 25	0.038 rad
	with:	

  t 0 π t t0 t 0 ≤ t < (t 0 + t r ) π t-t0+tr

tr (t 0 + t r ) ≤ t 0 t r = ml + b and l = l r 2E f f + 1

Table 7 :

 7 Parameter values of the active tension constitutive law[START_REF] Guccione | Mechanics of active contraction in cardiac muscle: Part IIcylindrical models of the systolic left ventricle[END_REF] 

	Parameters Values
	Ca 0	4.35 µM
	(Ca 0 ) max	4.35 µM
	B	4.75 /µm
	l 0	1.58 µm
	t 0	0.1 s
	m	1.0489 s/µm
	b	-1.429 s
	l r	1.85 µm
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Appendix A: rule-based myocardial fiber orientation

The rule-based method [START_REF] Bovendeerd | Determinants of left ventricular shear strain[END_REF] formulates the spatial distribution of both the helix and the transverse angles based on the local left ventricular coordinates.

Within a pseudoprolate LV coordinate system, the local longitudinal coordinate u is normalized to be u = +0.5 at the basal level and u = -1 at the apex, whereas the radial coordinate is normalized to be v = -1 at the endocardium and v = +1 at the epicardium. The helix angles (α h ) and the transverse angles (α t ) are described as follows:

where h ii and t ii are scaling parameters for helix and transverse angles, and L i are normalized Legendre polynomials of order i. The scaling parameters are optimized based on [START_REF] Rijcken | Optimization of cardiac fiber orientation for homogeneous fiber strain during ejection[END_REF], and are listed in Table 6.

Appendix B: myocardial constitutive model

The myocardial mechanical behavior is divided into passive and active parts.

The passive part is formulated as a quasi-incompressible transversely-isotropic Fung-type law, originally introduced in [START_REF] Guccione | Passive material properties of intact ventricular myocardium determined from a cylindrical model[END_REF], whereas the active tension is defined by fiber stretch-dependent active force law [START_REF] Guccione | Mechanics of active contraction in cardiac muscle: Part IIcylindrical models of the systolic left ventricle[END_REF]. The constitutive laws have been widely used in previous studies [START_REF] Genet | Distribution of normal human left ventricular myofiber stress at end diastole and end systole: a target for in silico design of heart failure treatments[END_REF][START_REF] Wang | Modelling passive diastolic mechanics with quantitative MRI of cardiac structure and function[END_REF].

The strain energy density W is decomposed into two parts: the volumetric part that relates to the change in tissue volume (W V ), and the deviatoric part that relates to the change in tissue shape (W I ):