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Introduction

Cardiac diseases are a leading cause of human death worldwide [START_REF] Organization | World health statistics overview 2019: monitoring health for the SDGs, sustainable development goals[END_REF]. The biomechanical properties of the heart depend, to a large extent, on the structure of the tissue that makes up the ventricle walls. A good understanding of the arrangement of cardiomyocytes is crucial to define the mechanical function of the heart [START_REF] Costa | Modelling cardiac mechanical properties in three dimensions[END_REF], the cardiac electrophysiological patterns [START_REF] Hooks | Cardiac microstructure: implications for electrical propagation and defibrillation in the heart[END_REF], the remolding processes [START_REF] Wu | Diffusion tensor magnetic resonance imaging mapping the fiber architecture remodeling in human myocardium after infarction: correlation with viability and wall motion[END_REF], and more generally, the heart physiology and pathology [START_REF] Weber | Collagen network of the myocardium: function, structural remodeling and regulatory mechanisms[END_REF] and their inter-relationships.

In the heart wall, the cardiomyocytes aggregate and align into an inhomogeneous three-dimensional (3D) mesh. Some studies have suggested that the left ventricle (LV) wall contains cardiomyocytes that are organized into laminar structures and embedded in a cardiac extra-cellular matrix (ECM) [START_REF] Legrice | Laminar structure of the heart: ventricular myocyte arrangement and connective tissue architecture in the dog[END_REF][START_REF] Pope | Three-dimensional transmural organization of perimysial collagen in the heart[END_REF]. The endomysium tightly couples cardiomyocytes into aggregates of about four cardiomyocytes in thickness, which are embedded between "cleavage planes (CPs)" that are part of the perimysium. We refer here to "sheetlets" as the pairs of adjacent CPs and the "cardiomyocyte aggregates" (or "myocyte aggregates", for simplicity) that they contain; further, we consider the sheetlets as the "work units" that are deeply involved in the functioning of the heart. The perimysium provides loose coupling between the sheetlets. The thicknesses of the sheetlets and CPs vary according to their locations in the ventricle walls [START_REF] Legrice | Laminar structure of the heart: ventricular myocyte arrangement and connective tissue architecture in the dog[END_REF][START_REF] Pope | Three-dimensional transmural organization of perimysial collagen in the heart[END_REF][START_REF] Mirea | Statistical analysis of transmural laminar microarchitecture of the human left ventricle[END_REF] and their 3D arrangements [START_REF] Kung | The presence of two local myocardial sheet populations confirmed by diffusion tensor mri and histological validation[END_REF][START_REF] Hales | Histoanatomical structure of the living isolated rat heart in two contraction states assessed by diffusion tensor mri[END_REF]. Several studies have shown that in some regions there is a smoothly varying single population of sheetlets [START_REF] Spotnitz | Cellular basis for volume related wall thickness changes in the rat left ventricle[END_REF][START_REF] Costa | Laminar fiber architecture and threedimensional systolic mechanics in canine ventricular myocardium[END_REF][START_REF] Legrice | Laminar structure of the heart: ventricular myocyte arrangement and connective tissue architecture in the dog[END_REF], while in other regions, there is an alternation of two approximately orthogonal populations of sheetlets [START_REF] Myers | Direct measurement of inner and outer wall thickening dynamics with epicardial echocardiography[END_REF][START_REF] Harrington | Direct measurement of transmural laminar architecture in the anterolateral wall of the ovine left ventricle: new implications for wall thickening mechanics[END_REF][START_REF] Pope | Three-dimensional transmural organization of perimysial collagen in the heart[END_REF].

The local orientation of myocyte aggregates can be described by different pairs of angles, not exactly the same. Such angles are the helix angle (HA) and the transverse angle (TA) [START_REF] Geiger | Gross morphology and fiber geometry of the heart[END_REF][START_REF] Wang | Investigating the 3d local myocytes arrangement in the human lv mid-wall with the transverse angle[END_REF], the elevation angle and the azimuth angle [START_REF] Jouk | Three-dimensional cartography of the pattern of the myofibres in the second trimester fetal human heart[END_REF][START_REF] Jouk | Analysis of the fiber architecture of the heart by quantitative polarized light microscopy. accuracy, limitations and contribution to the study of the fiber architecture of the ventricles during fetal and neonatal life[END_REF][START_REF] Mendes | Quantification of left ventricular myocardial collagen system in children, young adults, and the elderly[END_REF], and the helical angle and the intrusion angle [START_REF] Stephenson | Resolving the true ventricular mural architecture[END_REF][START_REF] Dejea | Cardiac multi-scale investigation of the right and left ventricle ex vivo: a review[END_REF][START_REF] Agger | Anatomically correct assessment of the orientation of the cardiomyocytes using diffusion tensor imaging[END_REF]. We chose the HA and TA for this study, because they are still the most used angles in the literature, and knowing that the method we develop here can be used with whichever angle definition is preferred.

It is possible to measure the local 3D orientation of myocyte aggregates using imaging techniques like polarized light imaging [START_REF] Jouk | Three-dimensional cartography of the pattern of the myofibres in the second trimester fetal human heart[END_REF][START_REF] Jouk | Analysis of the fiber architecture of the heart by quantitative polarized light microscopy. accuracy, limitations and contribution to the study of the fiber architecture of the ventricles during fetal and neonatal life[END_REF] and magnetic resonance diffusion tensor imaging (MR-DTI) [START_REF] Lombaert | Human atlas of the cardiac fiber architecture: study on a healthy population[END_REF][START_REF] Toussaint | In vivo human cardiac fibre architecture estimation using shape-based diffusion tensor processing[END_REF][START_REF] Teh | Resolving fine cardiac structures in rats with high-resolution diffusion tensor imaging[END_REF][START_REF] Nielles-Vallespin | Assessment of myocardial microstructural dynamics by in vivo diffusion tensor cardiac magnetic resonance[END_REF]. The main limitation of both of these techniques is their poor spatial resolution. Polarized light imaging resolution is defined as 100 × 100 × 500 µm 3 [START_REF] Jouk | Analysis of the fiber architecture of the heart by quantitative polarized light microscopy. accuracy, limitations and contribution to the study of the fiber architecture of the ventricles during fetal and neonatal life[END_REF], while cardiac MR-DTI resolution can reach 2 × 2 × 2 mm 3 in clinics [START_REF] Lombaert | Human atlas of the cardiac fiber architecture: study on a healthy population[END_REF]. More recently, the novel high-resolution 3D X-ray imaging technology known as synchrotron radiation phase-contrast microtomography (SR-PCT) was proposed to image the local structure of cardiac tissue [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF][START_REF] Gonzalez-Tendero | Whole heart detailed and quantitative anatomy, myofibre structure and vasculature from x-ray phase-contrast synchrotron radiationbased micro computed tomography[END_REF][START_REF] Kaneko | Intact imaging of human heart structure using x-ray phase-contrast tomography[END_REF][START_REF] Garcia-Canadilla | Complex congenital heart disease associated with disordered myocardial architecture in a midtrimester human fetus[END_REF][START_REF] Dejea | Comprehensive analysis of animal models of cardiovascular disease using multiscale x-ray phase contrast tomography[END_REF][START_REF] Reichardt | Multi-scale x-ray phase-contrast tomography of murine heart tissue[END_REF][START_REF] Reichardt | Fiber orientation in a whole mouse heart reconstructed by laboratory phasecontrast micro-ct[END_REF]. SR-PCT can image tissue structures of several cubic centimeters [START_REF] Momose | Phasecontrast x-ray computed tomography for observing biological specimens and organic materials[END_REF][START_REF] Gonzalez-Tendero | Whole heart detailed and quantitative anatomy, myofibre structure and vasculature from x-ray phase-contrast synchrotron radiationbased micro computed tomography[END_REF] and with a resolution of a few microns [START_REF] Guigay | Mixed transfer function and transport of intensity approach for phase retrieval in the fresnel region[END_REF][START_REF] Lang | Experimental comparison of grating-and propagation-based hard x-ray phase tomography of soft tissue[END_REF]. It is then possible to extract the local orientation of myocyte aggregates using a Fourier-based analysis [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF] or a structure-tensor-based analysis [START_REF] Baličević | Assessment of myofiber orientation in high resolution phase-contrast ct images[END_REF][START_REF] Gonzalez-Tendero | Whole heart detailed and quantitative anatomy, myofibre structure and vasculature from x-ray phase-contrast synchrotron radiationbased micro computed tomography[END_REF][START_REF] Reichardt | Multi-scale x-ray phase-contrast tomography of murine heart tissue[END_REF][START_REF] Reichardt | Fiber orientation in a whole mouse heart reconstructed by laboratory phasecontrast micro-ct[END_REF][START_REF] Ni | Extracting myofibre orientation from micro-ct images: An optimisation study[END_REF][START_REF] Garcia-Canadilla | Myoarchitectural disarray of hypertrophic cardiomyopathy begins prebirth[END_REF]. In these methods, the size of the processing window affects the spatial resolution that can be obtained. In [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF], the "finest resolution" was obtained with a processing window of 112 × 112 × 112 µm 3 in size. Although this window is very small, it is still much larger than a single cardiomyocyte (which is about 10 µm wide and 100 µm long), and so it involves a significant number of myocyte aggregates in the calculations. The methods consist in the calculation of the orientation of the myocyte aggregates at regular points in a 3D grid within the reconstructed volume, independent of the content of the tissue. What is more, CPs, blood vessels, collagen fibers, and fat might also be present in the processing window, thus contributing to locally bias in the measurement of the orientation of the myocyte aggregates, and increasing what we call the "structure" noise.

During the cardiac cycle, LV myocytes shorten and lengthen along the direction of their main axis, thus providing the pumping function of the heart. [START_REF] Freeman | Relationship between myocardial fiber direction and segment shortening in the midwall of the canine left ventricle[END_REF] and [START_REF] Kroon | Computational analysis of the myocardial structure: Adaptation of cardiac myofiber orientations through deformation[END_REF] showed that in the LV wall, the orientation of the myocyte aggregates affects the distribution of the active stress and strain. The number of cardiomyocytes that are aligned along the endocardium-epicardium direction increases during cardiac systole, with a correlation coefficient of 0.977 with the thickening of the LV wall, which demonstrates that their rearrangement is directly linked to this phenomenon [START_REF] Spotnitz | Cellular basis for volume related wall thickness changes in the rat left ventricle[END_REF]. The sheetlets facilitate the deformation of the LV wall during the systolic phase in several ways, including its thickening, extension, relative shearing, sliding, and tilting in the circumferential-radial plane [START_REF] Legrice | Transverse shear along myocardial cleavage planes provides a mechanism for normal systolic wall thickening[END_REF]. This behavior can arise from differences in the orientation of the myocyte aggregates from one sheetlet to the next. This is what we propose to measure in this study. To be successful, we have developed an unbiased method to measure the local 3D orientation of myocyte aggregates in the sheetlets, which is also able to avoid the influence of other tissue components such as CPs.

The technique introduced here consists of extracting the surface skeleton of each sheetlet and computing the local orientation of the myocyte aggregates along this skeleton. We analyzed a set of transmural human LV free wall samples that were imaged at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France) and reconstructed with a 3.5 × 3.5 × 3.5 µm 3 voxel size [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF]. With such a voxel size, it is theoretically possible to detect the individual cardiomyocytes, as their size is equal to or greater than 7 µm (2 voxels) in diameter [START_REF] Iaizzo | Handbook of cardiac anatomy, physiology, and devices[END_REF][START_REF] Mirea | Very high-resolution imaging of postmortem human cardiac tissue using x-ray phase contrast tomography[END_REF]. We selected a processing window of 32 × 32 × 32 voxels in size that corresponds to 112 × 112 × 112 µm 3 . Such a pro-cessing window is small enough to be mainly contained within a sheetlet, while excluding CPs. This choice is in agreement with the first results obtained by our group that showed that the mean thickness of a sheetlet is around 175 µm (i.e., 50 voxels) [START_REF] Mirea | Statistical analysis of transmural laminar microarchitecture of the human left ventricle[END_REF].

This paper is organized as follows. In the Material and Methods section, we present the virtual and experimental data used in the experiments, and introduce the skeleton method to calculate the orientation of myocyte aggregates inside sheetlets. Then, we validate the skeleton method in the Validation section, at global and local scales, using a set of virtual data and a series of SR-PCT experimentally reconstructed volumes. We measure the local distributions of myocyte aggregates in terms of HA and TA. The Results section presents the 3D distribution of the HA and TA in five samples. We calculate and display the evolution of the local orientation of myocyte aggregates along the skeleton of the sheetlets, and highlight their relationships with the 3D sheetlets arrangement. The discussion and conclusion sections end the paper.

Material and Methods

Experimental data

The data acquisition protocol was described by [START_REF] Mirea | Statistical analysis of transmural laminar microarchitecture of the human left ventricle[END_REF][START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF][START_REF] Wang | Investigating the 3d local myocytes arrangement in the human lv mid-wall with the transverse angle[END_REF], and we only recall the key steps here. The samples were extracted from two hearts that were removed from two males of 32 and 35 years after their violent deaths. These were provided by the Medico-Legal Institute of Lyon IML HCL (N • DC-2012-1588) and were preserved in 10% formalin solution. Neither of the patients had any history of heart disease nor any addictions. Each LV was divided into six short axis slices with similar thicknesses (roughly 5 mm), from which the samples were extracted. The names of the samples indicate their original locations: LV region S slice number heart number, where "region" is indicated as anterior, posterior, or lateral (Fig. 1).

We prepared the samples with rehydration and ethanol gradient dehydration steps before imaging them at the ESRF (ID19 beam line). These preliminary steps helped increase the contrast in the X-ray projections [START_REF] Shirai | Enhanced renal image contrast by ethanol fixation in phase-contrast x-ray computed tomography[END_REF][START_REF] Patzelt | Ethanol fixation method for heart and lung imaging in micro-ct[END_REF] and allowed further image analysis as the segmentation of the CPs and myocyte aggregates. We placed each sample in a plastic container (diameter, 7 mm) and kept the containers upright for X-ray imaging. Considering the different lengths of the samples (16-28 mm) and the limited available field of view of the detector (height, 7.2 mm or 3.6 mm), 3 to 5 tomographic scans were required to cover each sample. We chose an overlap of 100 voxels (i.e., 0.35 mm) from scan to scan, to limit jumps in intensity from one reconstructed sub-volume to the next. We acquired 2499 projection angles for each scan, and used Paganin's algorithm to retrieve the phase at each projection angle [START_REF] Paganin | Simultaneous phase and amplitude extraction from a single defocused image of a homogeneous object[END_REF]. We reconstructed each scan in a sub-volume of 2048 × 2048 × 2048 voxels using the filtered backprojection algorithm, and we concatenated all of the reconstructed sub-volumes together to compose each entire tissue sample. This allowed us to observe the transmural tissue architecture and to compute the evolution of the orientation of the myocyte aggregates along the radial direction. The main acquisition parameters are given in Table 1.

We considered the five available transmural samples extracted from the LV free wall samples (Fig. 1). The names of the samples coincide with those presented in [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF]. Each 3D SR-PCT reconstructed volume (Fig. S1, Supplementary material) had an isotropic voxel size of 3.5 µm. Each volume can be divided into several parts, depending on the 3D arrangement of the myocyte aggregates. We manually extracted the regions of interest (ROIs) (hatched in red) that mainly contained myocyte aggregates organized in sheetlets (Fig. S1, Supplementary material), and processed them. 

Processing strategy

We used the whole organ as a reference to define the radial (r), circumferential (c), and longitudinal (l) directions. We calculated the local orientation of the myocyte aggregates in a local coordinate system (r, c, l) that was based on these directions (Fig. S1, Supplementary material). The processing strategy was in three steps: the extraction of the CPs through a specific segmentation procedure; the extraction of the skeleton of each sheetlet delimitated by two CPs; and the computation of the local orientation of the myocyte aggregates along each skeleton. Fig. 2 provides an overview of the whole method. We detail the processing strategy next.

Data segmentation

In practice, the intensity of the background in the Xray projections can be slightly different from one scan to another. This phenomenon induces small variations in amplitude in the reconstructed sub-volumes that are independent of the tissue structure itself. However, it turns out that due to the particularly low contrast of the SR-PCT images of soft tissues, such amplitude variations can affect the segmentation step and bias the results. This is why we needed to homogenize the background over the entire volume. This pre-processing step consists of suppressing the low-frequency variations of the background density with a 3D centered Gaussian filter G(0, σ), where σ is large enough to preserve the structures of interest, as the myocyte aggregates and the ECM. As the sub-volumes are imaged with the same set-up and identical experimental parameters, the tissue components they contain have similar X-ray absorption and phase shift. It is possible to sepa-rate the myocyte aggregates from the ECM by processing the data with a thresholding technique that maximizes the variance between the two classes [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF]. As shown in Figure 3b, there is a large difference between the sizes of the endomysium and perimysium structures. The endomysium and perimysium are linked in a 3D network, as part of the ECM. However, in 2D sections, the structures are not related most of the time. Based on this observation, we processed the ECM with a series of 2D morphological filters, to remove the endomysium in orthogonal sections, and to keep the CPs only (Fig. 3c).

The fine visual observation of Sample 1 (LV post S5 1) (Fig. S1, Supplementary material) shows the different arrangements of the CPs in the sub-endocardial, middle, and sub-epicardial layers of the LV wall. In this study, we selected the parts of the tissue (ROIs) that had the most regular "sheetlet" structure possible (Fig. 2a, Fig. S1, Supplementary material), which corresponded to an alternation of CPs separated by layers of myocytes. It turns out that these ROIs are mostly in the middle of the LV wall. Our goal was to measure how the myocyte aggregates are arranged in sheetlets within these ROIs, to better understand the biomechanics of the mid-wall at this scale. In this study, we do not consider the more complex sub-endocardial and sub-epicardial layers.

Sheetlet skeleton extraction

We extract the 3D skeleton of each sheetlet (Fig. 2b, Fig. 3e) with the method proposed by [START_REF] Borgefors | Distance transformations in arbitrary dimensions[END_REF] and [START_REF] Pudney | Distance-ordered homotopic thinning: a skeletonization algorithm for 3d digital images[END_REF]. Let us briefly describe the method. We consider a voxel of the 3D space and its 26 neighbors as the kernel of the 3D Chamfer algorithm [START_REF] Borgefors | Distance transformations in arbitrary dimensions[END_REF] (Fig. 3g). We assign a weight value of zero to the central voxel of the kernel, and weight values 3, 4, or 5 to the voxels located at increasing distances. To process the ROI (Fig. 3c), we first initialize all of the voxels of the binarized volume with a "distance" value. We set to 0 the voxels that belong to the CPs and all of the other voxels to a unique arbitrary positive high value (i.e. 1000) that is much larger than the largest value obtained in the final measured Chamfer distance field. We successively filter this initialized ROI, in two passes, as "Forward" and "Backward", using the Chamfer sliding masks (Fig. 3h) moving in opposite directions along the r (-r), c (-c), and l (-l) directions, respectively. The final weight value obtained at each voxel of the ROI cor-responds to its distance to the closest CP. An example is given in Figure 3d, where the 0 value corresponds to CPs (yellow), and the maximum value (9) corresponds to the calculated skeleton of the sheetlet (red).

Myocyte aggregate local orientation measurement

For the skeleton of the sheetlets being extracted, we compute the local orientation of the myocyte aggregates inside the sheetlets. We select a working window (WW) of 32 × 32 × 32 voxels in size, where the center belongs to the surface skeleton (Fig. 2c), and we measure the local mean orientation of the myocyte aggregates inside the WW. The main steps of the algorithm consist of computing the fast Fourier transform (FFT) of the WW, binarizing the FFT spectrum, and keeping its highest 4% magnitude frequency components only. This last operation allows us to remove the high frequency noise generated by the tissue structures that are much smaller in size than the myocyte aggregates [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF]. We extract the main orientation vectors from the binarized FFT spectrum using Principal Component Analysis. The mean local orientation of the myocyte aggregates (i.e. vector → v in Fig. 2e) is given by the tertiary eigenvector. We describe the orientation of the myocyte aggregates using two "classical" angles: the HA, which is the angle between the c-axis and the tertiary vector projection in the circumferentiallongitudinal cOl-plane; and the TA, which is the angle between the c-axis and the tertiary vector projection in the radial-circumferential rOc-plane (Fig. 2e). We repeat this operation for all of the voxels of the skeletons. In summary, we note that the proposed skeleton method adapts to the data. It extracts the 3D local orientation of the myocyte aggregates in a sliding WW, where the center sweeps all of the voxels of the skeletons, and the size is chosen as less than the mean thickness of the sheetlets.

In the literature, the HA and TA are usually defined in the range [-90 • , 90 • ] [START_REF] Lombaert | Human atlas of the cardiac fiber architecture: study on a healthy population[END_REF]. The main drawback, however, is that approaching the endocardium, the value of HA can decrease abruptly from 90 • to -90 • , which conflicts with the gradual change in the orientation of myocyte aggregates. To avoid such a situation, we added 180 • to the negative HA values near the endocardium. By doing so, the myocyte aggregates with HA = +120 • close to the endocardium and the myocyte aggregates with HA = -60 • have the same projected orientation in the cOl-plane.

Simulated data

To validate our processing strategy, we built a series of simplified virtual tissue models (Fig. 4) that contained several sheetlets exclusively made of CPs and myocyte aggregates. We mimicked the experimental situation by creating virtual tissue volumes of 256 × 256 × 256 voxels in size, with a voxel size of 3.5 × 3.5 × 3.5 µm 3 , thus representing tissue samples of 0.9 × 0.9 × 0.9 mm 3 . We used these virtual tissue models to assess the performance of our method for the measurement of the 3D orientation of the myocyte aggregates within the sheetlets by comparing the results with a theoretical reference or ground truth against our previous "classic" method for the global scale. The virtual tissue model is built from a virtual cardiomyocytes model coupled to a virtual CPs model.

The virtual cardiomyocytes model

We used the random myocytes generation model described in [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF] to fill the ROI with virtual cardiomyocytes. Cardiomyocyte centers were distributed randomly in the 3D space. We statistically controlled the overlap of cardiomyocytes by the density of the centers, chosen as 60000 myocytes/mm 3 , in agreement with histological measures [START_REF] Brüel | Design-based stereological estimation of the total number of cardiac myocytes in histological sections[END_REF]. The adjacent cardiomyocytes could intersect and overlap to generate the aggregates. Each cardiomyocyte was represented by a 3D cylinder where the diameter and length were uniformly distributed in the intervals [8 µm, 10 µm] and [100 µm, 150 µm], respectively, to resemble the biological variability. The director vector of each myocyte was described by the HA and TA, which follow a uniform random distribution around a predefined theoretical value, HA R and T A R , respectively, and are considered as the ground truth. We simulated a series of tissue models with HA R ranging from 0 [START_REF] Wang | Investigating the 3d local myocytes arrangement in the human lv mid-wall with the transverse angle[END_REF], so we chose this to illustrate the simulation steps.

• ± 5 • to 80 • ± 5 • and T A R from 0 • ± 5 • to 40 • ± 5 • . It appears that the model with HA R = 60 • ± 5 • & T A R = 20 • ± 5 • best fits the anatomical requirements
We created the midlines of the cardiomyocytes (Fig. 4a) and convolved them with a 3D Gaussian kernel, to modulate their diameter. The resulting gray-level ROI (Fig. 4b) is the virtual cardiomyocytes model f (r, c, l).

The virtual CPs model

We created another binary ROI of the same size, m(r, c, l), which we filled with a series of virtual CPs. By referring to previous studies [START_REF] Mirea | Statistical analysis of transmural laminar microarchitecture of the human left ventricle[END_REF], we set the thickness d of the CPs to 31.5 ± 7 µm (9 ± 2 voxels), and the thickness D of the sheetlets (i.e., the distance between two adjacent CPs) to 122.5 ± 17.5 µm (35 ± 5 voxels) (Fig. 4c). The two descriptors, d and D, followed a uniform law in their respective ranges. In the LV laminar structures, cardiomyocytes are organized in bundles, or aggregates, inside the sheetlets, and their 3D arrangement is almost parallel to the CPs, which means that the director vector of myocyte aggregates and the normal direction of CPs are locally quasi-perpendicular [START_REF] Tseng | Diffusion tensor mri of myocardial fibers and sheets: correspondence with visible cut-face texture[END_REF][START_REF] Agger | Anatomically correct assessment of the orientation of the cardiomyocytes using diffusion tensor imaging[END_REF].

Knowing the previously pre-set HA R and T A R values, we could define the vector → n = (n r , n c , n l ) normal to the CPs. Theoretically, → n could be any vector perpendicular to the mean director vector of the cardiomyocytes. However, if we refer to the literature [START_REF] Arts | Relating myocardial laminar architecture to shear strain and muscle fiber orientation[END_REF][START_REF] Harrington | Direct measurement of transmural laminar architecture in the anterolateral wall of the ovine left ventricle: new implications for wall thickening mechanics[END_REF][START_REF] Hales | Histoanatomical structure of the living isolated rat heart in two contraction states assessed by diffusion tensor mri[END_REF], we note that the angle between the CPs and the local circumferentiallongitudinal cOl-plane can be considered to be around ±45 • . Therefore, we selected this configuration for our virtual CPs model.

The virtual tissue model

We finally built the virtual tissue model g(r, c, l) by concatenating the two previous synthetic models (Fig. 4f):

g(r, c, l) = f (r, c, l) • (1 -m(r, c, l)) (1) 
where "•" is the dot multiplication operator, and (1m(r, c, l)) holds for the binary mask of the virtual sheetlets in Figure 4e.

From Equation (1), we get the frequency spectrum G of the virtual tissue model g(r, c, l):

G = F ( f • (1 -m)) = -F * M ( 2 
)
where F is the Fourier transform, " * " is the convolution operator, and F, M, and G are the frequency spectra corresponding to f (.), m(.), and g(.), respectively. We generated a series of model realizations to create several virtual reference configurations (Appendix 1, Table 2) to test our method of measuring the orientation of myocyte aggregates at the global and local scales.

Validation of the skeleton method

Global scale validation versus classic method

At the global scale, we compared the skeleton method with the classic method [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF], to evaluate its performance in the calculation of the statistical distribution of the orientation of myocyte aggregates in a volume. In the classic method, the local 3D orientation of the tissue components is extracted by processing the raw gray level reconstructed data with a series of overlapping WWs that are regularly spaced in three dimensions, as shown in Fig. S2 (Supplementary material). The adjacent WWs have a half overlap, and for comparison, the size of the WWs is chosen as 32 × 32 × 32 voxels (i.e. 112 × 112 × 112 µm 3 ).

Validation with the virtual tissue model

We generated 15 realizations of the tissue model g(r, c, l) of 0.9 × 0.9 × 0.9 mm 3 in size with different pre-set values of HA R and T A R , using the strategy presented in Figure 4. For each virtual tissue realization, we measured the pair of angles of the myocyte aggregates with the classic method, HA c , T A c , and with the skeleton method, HA s , T A s , and compared these to the ground truth.

The calculated angles (Fig. 5) demonstrate the strong robustness of the skeleton method where the distributions HA s and T A s are systematically centered on the mean theoretical predefined values, and are most of the time contained within the dynamic range of HA R and T A R ; this is contrary to the classic method, which provides angular measures HA c and T A c outside the theoretical intervals. The statistical results (i.e., mean value ± S D) of the angular values calculated for the 15 virtual volumes are presented in Appendix, Table 2. These values confirm the superiority of the skeleton method which systematically experiences a smaller standard deviation, which makes it more powerful than the classic method to confidently detect small angular variations. To detect the influence of the distribution shape of the pre-set orientation of the myocyte aggregates on the measured angular values, we generated two virtual tissue volumes with both HA R and T A R obeying Gaussian distributions, and we present the distribution of the measured myocyte angles in Appendix, Figure 17.

Validation by global comparison on real data

We then processed the selected the ROIs (hatched in red) of the five available human tissue samples extracted from the LV free wall (Fig. S1, Supplementary material). We calculated the distributions of the orientation of the myocyte aggregates in each ROI along the radial direction, with the classic method and the skeleton method successively. The start and end of each ROI are given as a percentage of the LV wall thickness, from the endocardium at 0% to the epicardium at 100%.

For all of the ROIs, we note that the mean value of HA decreases quasi-linearly from endo-side to epi-side, and that the mean value of TA remains relatively constant (Fig. 6). The transmural distributions of the orientation of myocyte aggregates calculated by the classic method and the skeleton method are very similar. These results confirm the preliminary results of [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF], and show that at a global scale, the behaviors of the two methods are comparable.

However, even if the skeleton method can provide angular values at a global scale, it needs a preliminary binarization step and it is much more time consuming than the classic method, so it is not designed for this. We now show that the skeleton method is self adaptive to data and adapted to a local scale analysis.

Local scale validation

Validation of the skeleton method at the local scale is two-fold. We compare first the computed angles HA s and T A s to the ground truth HA R and T A R of a virtual model (Fig. 7), and then secondly, we manually extract the orientations of the myocyte aggregates of a real ESRF reconstructed volume HA manual and T A manual , and compare these to HA s and T A s , respectively.

Validation with the virtual tissue model

The virtual tissue model g(r, c, l) and the 32 voxels thick rOl extracted slice (Fig. 7c) are made of a series of regularly organized sheetlets that contain cardiomyocytes. The thickness of the CPs and sheetlets mimic the experimental data, with similar sizes and distances. This condition is a prerequisite to determine the influence of the CPs on the measurement of the local orientation of the myocyte aggregates. The myocytes are uniformly distributed around HA R = 60 • , T A R = 20 • , and the vector → n = (0.71, 0.54, -0.46) is normal to the CPs. We performed a rotation θ of the (r, c, l) coordinate system around the caxis. The rotated coordinate system (r θ , c, l θ ) is such that the l θ -axis became parallel to the CPs (yellow). We identified the skeleton of sheetlets in their central line (Fig. 7d, red dotted lines). We performed the calculation of the FFT, thresholding and Principal Component Analysis in a series of overlapping WWs of 32 × 32 × 32 voxels in size centered on the voxels belonging to the skeletons. As the center of the WW used to compute the angles sweeps all of the voxels of the skeletons, the method can be used to measure the evolution of the orientation of the myocyte aggregates along the skeleton of each sheetlet. We computed the evolution of the HA s and T A s along a series of skeletons (Fig. 7d, dotted lines), as their means and standard deviation (mean value ± S D).

The profile of their distributions is given in Figure 7e, f. We note their small fluctuations on either side of the reference, close to the constant theoretical value, with mean value ± S D of 60.8 • ± 1.9 • for the HA s , and 18.8 • ± 2.8 • for the T A s .

Validation with a manual ground truth

We extracted two orthogonal sections from Sample 1 (LV post S5 1), a cOl-section to validate the HA, and a rOc-section to validate the TA. A set of 150 voxels that belonged to the different skeletons (Fig. 8, red lines) was randomly selected in the cOl-section for testing HA. We implemented the same procedure to test TA by selecting 100 voxels from the various skeletons in the rOc-section. The yellow segments (Fig. 8) correspond to the angles measured manually at each selected voxel along the skeletons. We call these HA manual (Fig. 8a) and T A manual (Fig. 8c). In parallel, we calculated the HA s and T A s along the skeletons of the same two sections using the skeleton method.

The angles obtained are represented by green segments. As a result, we observed that the manually measured angles (yellow) and the computed ones (green) are locally quasi-parallel for both the HA (Fig. 8a) and the TA (Fig. 8c). This result is quantitatively confirmed by their statistical distributions, as shown by the superimposed curves in Figure 8b and Figure 8d, respectively. Moreover, we note that the skeleton method can measure angular values far from the mean.

Results of the skeleton method on real data

The skeleton method being validated at the global and local scale, we applied it to calculate the orientation of myocyte aggregates in all ROIs of the free wall LV human sample series (Fig. S1, Supplementary material). The first step consisted of binarizing the data, extracting the CPs, and computing the skeleton of the sheetlets, as detailed in Figure 3a,b,c,d. The sheetlets, including CPs (yellow) and skeleton (red), are extracted from all samples as shown in Figure 9. We selected two complementary views to show their 3D structure: a 3D display of each ROI, and a mid-section in the radial-longitudinal (rOl) plane. The second step consisted of computing the orientations along the skeletons using the skeleton method (Fig. 3e). The values of HA s (resp. T A s ) calculated at each voxel of the skeleton of the sheetlets of all of the ROIs are shown in 3D in Figure 10, with the same color scales.

Overview

We note that the 3D arrangements of sheetlets are very different from one sample to another (Figure 9). In Samples 1, 2, and 3, the sheetlet structure appears relatively regular and quasi-parallel, with one preferential orientation, which corresponds to one population. This regularity can be locally modified by the presence of large vessels that cross the tissue, as in Sample 2. In Sample 3, we observe a progressive twist of the CPs, with a modification of their curvature in the radial direction, from left (endoside) to right (epi-side). Looking closely at Samples 4 and 5, we can see that there are two main populations of sheetlets with different orientations and an increasing complexity from Sample 5 to Sample 4. Figure 10 shows the values of HA s (resp. T A s ) displayed along the skeleton of the sheetlets. In all of the samples, we mainly observe the gradual decrease in HA s along the radial r-axis. The behavior of T A s is different, as it is preferentially organised in relatively homogeneous areas of the same amplitude, but with abrupt changes, such as at the endo-side of Samples 2 and 3. A general analysis as performed here remains limited, so we now focus on the specific regions of each sample, to access the intimate arrangement of the myocyte aggregates within the sheetlets.

Detailed analysis

We now focus on the local 3D arrangement of the sheetlets (and skeletons) in selected cOl or rOl slices. Samples 1, 2, and 3 extend and twist along the r-axis, so the orthogonal cOl-slices turn out to be the best way to analyze the 3D arrangement of the myocyte aggregates within sheetlets of the same orientation. On the contrary, we chose the rOl-slices to observe the regions that contain two sheetlet populations of different orientations, as for Samples 4 and 5. In such a series of radial-longitudinal planes, the two sheetlet populations are clearly visible, as well as the evolution of the arrangement of the myocyte aggregates within the sheetlets, as demonstrated in the following.

We therefore selected a typical sub-ROI in each sample and quantified the evolution of the local orientation of myocyte aggregates within. We now describe the results sample by sample.

Sample 1

We extracted a sub-ROI (Fig. 11a) of 208 × 815 × 1024 voxels in size that corresponded to 0.73×2.85×3.58 mm 3 from the binarized ROI of Sample 1 (LV post S5 1) shown in Figure 9. We clearly observe (Fig. 11c) a population of quasi-parallel sheetlets that are regularly spaced with the alternation of CPs (yellow) and skeletons (red). We now focus on the local orientations of myocyte aggregates within the sheetlets. The 3D distribution of the HA s (Fig. 11e) (resp. T A s ) is very close to a Gaussian shape (Fig. 11f). By manually selecting a threshold at 35°in the continuous range [20°, 50°] of HA s , we divided the distribution of the myocyte aggregates orientations into two classes, Class 1 (red) and Class 2 (blue), as shown in Figure 11f. The resulting rendering of the myocyte aggregates orientations superimposed on the skeletons (Fig. 11g) shows an interlacing of the two identified classes in the direction perpendicular to the sheetlets. This phenomenon is clearly visible in the circumferentiallongitudinal cOl-section in Figure 11h. The same behaviour is strongly evident for the T A s , with a threshold at 22°for a continous range of [-20°, 50°]. For clarity in Figure 11h, we have separated the sheetlets that contained the alternating myocyte aggregates orientations by dark lines.

Let us now consider the zoom in of a squared gray level region of the raw data (Fig. 11b, as extracted from a cOl-section as in Fig. 11d). This shows two contiguous sheetlets. With the naked eye, we can see the myocyte aggregates in their short axis view in one sheetlet, which corresponds to Class 1, and in their long axis view in the neigboring sheetlet, which corresponds to Class 2. We performed quantitative analysis of the distributions of the orientations of the myocyte aggregates in the whole cOlsection in Figure 11h. To do so, we rotated the (r, c, l) coordinate system around the r-axis to build a new local coordinate system (r, c θ , l θ ), in which c θ is parallel to the local sheetlets (Fig. 11h). The profile of the mean orientation of the myocyte aggregates along the axes c θ and l θ is shown in Figure 11i,j. The values of the HA s remain constant around 34 • along the axis parallel to the sheetlets (c θ -axis), and they undergo regular oscillations of small amplitude (maximum 10°) along the axis perpendicular to the sheetlets (l θ -axis). The values of the T A s are relatively stable along the c θ -axis, and they undergo oscillations of large amplitude (between 30 • and 50 • ) along the l θ -axis.

Sample 2

The sub-ROI extracted from the ROI of Sample 2 (LV ant S2 2), in Figure 12a, is 200×1024×1024 voxels, which corresponds to 0.7 × 3.6 × 3.6 mm 3 . The result of the computation of the sheetlets skeleton is given in Fig- ure 12c. We clearly see that all of the sheetlets and CPs have the same average orientation. However, if we focus on the zoomed in region marked with the dashed circle (Fig. 12b,c), we note that the sheetlets are no longer parallel and regularly spaced, but are locally branching, merging, and bending. The myocyte aggregates arrangement will therefore be more complex. Indeed, the values of the HA s measured on the myocyte aggregates shows a gradual change along the sheetlets (from left to right), as demonstrated when using three increasing values for the threshold T h=30 • , 35 • , and 40 • . On the other hand, the T A s experiences a sudden change in the direction perpendicular to the sheetlets (Fig. 12d). If the threshold for the T A s is set to T h = -40 • or -20 • , we detect a local alternation of two classes of myocyte aggregates in the direction perpendicular to the sheetlets.

Sample 3

The size of the sub-ROI extracted from the ROI of Sample 3 (LV ant S1 2) is about the same size as the two previous sub-ROIs, namely 200 × 710 × 1025 voxels, which corresponds to 0.7 × 2.5 × 3.6 mm 3 (Fig. 13a). The gray level recontructed raw data (Fig. 13b) shows a regular structure that is highlighted on the binarized volume, where we can see one population of sheetlets that are quasi-parallel and regularly spaced (Fig. 13c), similar to that seen in the sub-ROI of Sample 1. In the local rotated coordinate system (r, c θ , l θ ), associated to the rOl-section (Fig. 13e), we note the significant slope of the sheetlets. The 3D distributions of the HA s and T A s (Fig. 13d) show the regular evolution along the skeletons of the sheetlets, which is confirmed by the locally stable and slowly decreasing profiles of the distributions of the HA s and T A s along the c θ -axis (Fig. 13f). Along the direction perpendicular to the sheetlets (l θ -axis), there are some oscillations of the orientations of the myocyte aggregates, which are more marked for the T A s (Fig. 13g).

Sample 4

The sub-ROI of 900 × 435 × 900 voxels in size, corresponding to 3.2 × 1.5 × 3.2 mm 3 (Fig. 14a), extracted from the ROI of Sample 4 (LV lat S1 2) contains two nearly orthogonal sheetlet populations. The black dotted segments that lie in a rOl-section of the sub-ROI, a, b, c, and d, indicate the local winding of sheetlets (Fig. 14b). The parallelogram-like pattern of the black segments follow the complex path of the sheetlets, as easily identified in the binarized sub-ROI with CPs (yellow) and skeletons (red) (Fig. 14d). Let us now focus on the orientations of the myocyte aggregates within these sheetlets in the orthogonal cOl-section (Fig. 14c). They are organized in a complex 3D local arrangement, which we have depicted with dotted black lines in Figure 14c. We note the strong angular variations of the myocyte aggregates orientations, which are different from one sheetlet to another. From the 3D display of the orientations of the myocyte aggregates on the skeletons of the sheetlets, we observe an abrupt change of both the HA s (from 50°to 0°; Fig. 14e) and T A s (from 20°to -30°; Fig. 14f), as highlighted by the color scale from red to dark blue. The sheetlets themselves are strongly curved and of variable thickness, which is indicative of the complex local biomechanical activity.

Sample 5

Let us now consider a sub-ROI (Fig. 15a) extracted from the ROI of Sample 5 (LV post S1 2) in a radiallongitudinal (rOl) slice of 1900×100×1100 voxels in size, corresponding to 6.65 × 0.35 × 3.85 mm 3 . The extracted CPs and calculated skeletons of the sheetlets are shown in Figure 15c. Close observation shows that we are at the junction of two series of sheetlets with slightly different orientations. We note that the HA s of the myocyte aggregates gradually decreases along the r-axis (Fig. 15d), while it remains relatively stable along the longitudinal direction (l-axis). A local discontinuity of the HA s values is seen in the elliptic dotted region (Fig. 15b,d), located in the mid-wall. The values of the HA s are in the range of [START_REF] Nielles-Vallespin | Assessment of myocardial microstructural dynamics by in vivo diffusion tensor cardiac magnetic resonance[END_REF] ] on the epi-side. The values of the T A s remain globally stable, at around 30 • everywhere (Fig. 15f).

To be able to observe the distribution of the orientation of the myocyte aggregates in the contact zone between the two sheetlet populations, we manually selected an elongated sub-sub-ROI (Fig. 16a) of 400 × 40 × 250 voxels in size (i.e., 1.4 × 0.14 × 0.88 mm 3 ). In this region, the two sheetlet populations are arranged alternatively along the r-axis (Fig. 16b). We can draw two lines, e 1 and e 2 , on either side of the connecting zone. In Figure 16c,d, we note a local minimum of the HA s (5 • ) along line e 1 and in its close vicinity, and a maximum along e 2 (40 • ). We also measured a maximum of the T A s (32 • to 35 • ) along line e 1 (Fig. 16c,e). These observations demonstrate a local more complex myocardial micro-architecture.

Discussion

In this paper, we propose the use of the skeleton method to investigate the evolution of the orientation of myocytes in sheetlets at a very local scale. The three-step processing method comprises the segmentation of the main CP structures within the ECM of the cardiac tissue, the extraction of the sheetlets skeleton, and the calculation of the local orientation of the myocyte aggregates within the sheetlets. The skeleton method is local, with measures mostly restricted to the inside of the sheetlets. During the processing, the data are filtered to eliminate as best as possible the large components that might be present in the ECM, such as vessels. This is done at the segmentation level (i.e., with morphological filters) and by only keeping the highest 4% magnitude frequency components of the Fourier transform spectrum used to calculate the mean orientation of the myocyte aggregates in each WW. However, the relative size of the WW compared to that of the tissue components to keep or reject has an important role, and a multi-scale approach can be easily implemented to adapt the skeleton method to several sizes of components, or potentially to various voxel sizes related to different imaging conditions or techniques. In our study, we fixed the size of the WW to 32 × 32 × 32 voxels (i.e., 112 × 112 × 112 µm 3 ) to investigate the evolution of the orientation of myocyte aggregates within sheetlets, for two reasons: (1) the size of the WW had to be smaller than the thickness of most of the sheetlets, so that the myocyte aggregates in each WW mainly belong to one sheelet only; and (2) the size of the WW had to be big enough to support the measurement of the orientation of the myocyte aggregates by encompassing a series of myocytes where their diameters range from roughly 8 µm to 22 µm.

When validating the skeleton method globally and locally, we created 15 virtual tissue volumes that were generated from a simple statistical tissue model composed of a model of virtual myocytes with controlled orientations and sizes, and a model of virtual CPs of given thicknesses and arrangements. All the parameters used in the models followed a uniform or a Gaussian law around a realistic mean value, in agreement with biological knowledge. The tests confirmed that the location of the WW was crucial to the accuracy of the calculated orientation of the myocyte aggregates. Indeed, an error is introduced when a WW contains CPs. We processed five transmural free wall tissue samples of adult human LV, imaged using SR-PCT and 3D reconstructed with a voxel of size 3.5 × 3.5 × 3.5 µm 3 . The study concerned the LV free wall. An extension to the analysis of the LV septal samples is forseen, now that the method has been validated. We chose the HA and TA to quantify the local orientation of the myocyte aggregates, because these are still widely used by the community, and the skeleton method is operational whatever the definition chosen.

We described our five samples with global and local strategies, from the simplest to the more complex arrangements of their sheetlets. We observed that for Samples 1, 2 and 3 there was twisting along the radial axis, so the orthogonal longitudinal-circumferential plane turned out to be the best angle of view to analyze the 3D arrangement of the myocyte aggregates within the sheetlets. For Samples 4 and 5, we chose the longitudinal-radial plane for our analysis. Here, the micro-structure was more complex, with sheetlets of various orientations clearly visible.

Results analysis

Before imaging, the samples underwent pre-treatments, which included formalin fixation, rehydration, and ethanol gradient dehydration, which are techniques widely used in histology for assessment of myocardial architecture [START_REF] Gonzalez-Tendero | Whole heart detailed and quantitative anatomy, myofibre structure and vasculature from x-ray phase-contrast synchrotron radiationbased micro computed tomography[END_REF]. The ethanol gradient dehydration improves the image contrast and makes the CPs visible [START_REF] Patzelt | Ethanol fixation method for heart and lung imaging in micro-ct[END_REF]. However, according to the literature [START_REF] Holmes | Direct histological validation of diffusion tensor mri in formaldehyde-fixed myocardium[END_REF][START_REF] Patzelt | Ethanol fixation method for heart and lung imaging in micro-ct[END_REF], the formalin fixation and ethanol gradient dehydration can cause slight shrinkage of the sample volumes, which might induce a slight gradual change in the orientation of the myocyte aggregates inside. Mirea et al. compared the data used in this study with the optical images of several histological sections [START_REF] Mirea | Very high-resolution imaging of postmortem human cardiac tissue using x-ray phase contrast tomography[END_REF]. They indicated that the myocardial architecture in this dataset is in good condition, with no disorder seen. We therefore believe that the results of the qualitative analysis of the inhomogeneity of the local orientation of the myocyte aggregates are a true representation. With the consideration that the tissue deformation around the borders of the samples might be serious, for each sample we only considered a rectangular block of the SR-PCT reconstructed volume (see Fig. S1, Supplementary material).

In the virtual tissue models, the distributions of the pre-set theoretical HA R and T A R values are uniform (i.e., mean value ± 5 • ) or Gaussian distributed. However, we note that the measured angles are centered around the mean values. The shape of the distributions obtained is mainly because the orientation measured is the mean orientation of the myocyte aggregates in the WWs, not the orientation of the single cardiomyocytes. What is more, in the virtual tissue model, as well as the uniform or Gaussian distribution of HA R and T A R , there are other stochastic factors, such as the diameters and lengths of the myocytes, the locations of the myocytes, and the thicknesses of the CPs (d) and sheetlets (D). All of these factors will effect the FFT results in the WWs. Based on the central limit theorem, we can see that the distributions of the measured cardiomyocyte angles should concentrate. This phenomenon also reflects the importance of the size of the WWs. With WWs of a large size, we can only measure the part where there is a gradual change in the orientation of the myocyte aggregates. However, when the size is too small, the method will fail to measure the local orientation, due to the "structure" noise.

In the literature, the value of TA is always described as "constant" [START_REF] Lombaert | Human atlas of the cardiac fiber architecture: study on a healthy population[END_REF]. However, in Figure 6 and Figure 10, we note that the SD of T A s is much larger than the SD of HA s . In particular in the region with HA s ≈ 90 • , the values of T A s are in two opposing extremes, which demonstrates that in this region, TA cannot describe the radial orientation of the myocyte aggregates. Agger et al. indicated that this phenomenon is due to the projection effect (see the definition of HA and TA in Fig. 2e), and suggested the use of the helical angle and intrusion angle to quantify the orientation of myocyte aggregates [START_REF] Agger | Anatomically correct assessment of the orientation of the cardiomyocytes using diffusion tensor imaging[END_REF]. Therefore, using our SR-PCT data, an assessment of the use of different myocyte angles to describe the local myocyte architecture can be performed in the next steps.

In the ROIs, the myocyte aggregates are organized into laminar sheetlet structures (Fig. S1, Supplementary material). With the extracted CPs or the calculated skeletons of sheetlets, we can observe the regional 3D arrangements of the sheetlets clearly (see Fig. 9, Fig. 11c, Fig. 12c, Fig. 13c, Fig. 14d, Fig. 15c, Fig. 16b). In the literature, the sheetlet arrangements in the LV wall have been investigated using different methods, such as the histology [START_REF] Spotnitz | Cellular basis for volume related wall thickness changes in the rat left ventricle[END_REF][START_REF] Costa | Laminar fiber architecture and threedimensional systolic mechanics in canine ventricular myocardium[END_REF][START_REF] Harrington | Direct measurement of transmural laminar architecture in the anterolateral wall of the ovine left ventricle: new implications for wall thickening mechanics[END_REF] and MR-DTI [START_REF] Tseng | Diffusion tensor mri of myocardial fibers and sheets: correspondence with visible cut-face texture[END_REF][START_REF] Nielles-Vallespin | Assessment of myocardial microstructural dynamics by in vivo diffusion tensor cardiac magnetic resonance[END_REF]. In histological sections of the LV wall tissue, only the 2D laminar structures can be seen, and the arrangements of the sheetlets is influenced by the slice angle; in the results of MR-DTI, due to the low spatial resolution, the sheetlets (CPs) are not visible, and only the mean normal direction of the local sheetlets can be acquired. Therefore, it is a priorty to use SR-PCT to investigate the 3D local sheetlet arrangements.

Based on the transmural or local laminar architecture, several rough sheetlet rearrangement models have been proposed to explain the LV systolic thickening mechanism [START_REF] Waldman | Relation between transmural deformation and local myofiber direction in canine left ventricle[END_REF][START_REF] Legrice | Transverse shear along myocardial cleavage planes provides a mechanism for normal systolic wall thickening[END_REF][START_REF] Harrington | Direct measurement of transmural laminar architecture in the anterolateral wall of the ovine left ventricle: new implications for wall thickening mechanics[END_REF][START_REF] Hales | Histoanatomical structure of the living isolated rat heart in two contraction states assessed by diffusion tensor mri[END_REF]. These models are, to a certain extent, supported by the local myocardial strain measured with transmural radiopaque markers (or by magnetic resonance tagging) [START_REF] Legrice | Transverse shear along myocardial cleavage planes provides a mechanism for normal systolic wall thickening[END_REF] and by the change in the sheetlet angle measured using MR-DTI in different LV systolic states [START_REF] Hales | Histoanatomical structure of the living isolated rat heart in two contraction states assessed by diffusion tensor mri[END_REF]. The results in this paper now deepen our understanding about these models. We processed and analyzed datasets of several LV human heart tissue samples with our technique, and for the first time, it was possible to perform a deeper analysis of the relations between the sheetlets arrangements and the orientation of the myocyte aggregates. As shown in Figure 11, Figure 12, and Figure 13, the ROIs of Samples 1, 2, and 3 contain one sheet-let population, and as well as showing a gradual change, the orientation of the myocyte aggregates undergoes "oscillation" along the perpendicular direction of the local sheetlets. Such an arrangement helps to explain the relative shear and slide between the sheetlets. In the ROIs of Samples 2 and 3, the amplitudes of the "oscillation" appear to be a lot smaller than that in the ROI of Sample 1 (see Fig. 10). We assume that in addition to their different LV locations, the local architectures also contribute to this difference. For example, compared with the ROI of Sample 1, the bend in the sheetlets along the c-axis in the ROI of Sample 2, and the twist in the sheetlets along the r-axis in the ROI of Sample 3 are much stronger, which might limit the shear between the sheetlets. In the ROI of Sample 1, the oscillation-amplitude of TA is much larger than that of HA (see Fig. 11), which might arise because the flat sheetlets allow more shear in the horizontal direction. In the sub-ROI of Sample 4 (Fig. 14), the two sheetlet populations are arranged in a parallelogram-like pattern. In the sub-ROI of Sample 5 (Fig. 15), the two sheetlet populations are arranged in a herringbone-bone pattern. Around the intersection part of the two sheetlet populations, the HA or TA of the local myocyte aggregates might change nonmonotonically, where the contractions of the myocyte aggregates might help to change the angle between the two sheetlet populations, and further contribute to the thickening of the systolic LV wall.

Advantages

The skeleton method has the major advantages of being quantitative, local, and adaptive to the data. Its use is not limited to the analysis of regular, quasi-parallel structures. If the segmentation of the data is successful and accurate, a series of well identified CPs (and sheetlets) can be provided, and the skeleton method can be used to calculate the orientation of the myocyte aggregates even in highly curved sheetlets, as long as their thickness remains larger than the size of the WW used.

The skeleton method has been used recently to measure the local orientation of sheetlets [START_REF] Wang | A methodology for accessing the local arrangement of the sheetlets that make up the extracellular heart tissue[END_REF], and might also give access to the local thickness of the CPs, as well as that of the layers. In addition, all of the characteristics calculated with the skeleton method come from the same WWs centered on the voxels of the skeletons, and so they will be directly comparable and superimposable. Lastly, the skeleton method is not restricted to this cardiac tissue application. It can also be used on any binarized object made up of layers, not only in the living domain, but also for industrial applications (e.g., micro structure of composite materials).

Limitations

Synchrotrons are large-scale facilities with limited access (i.e., cost, time slots). In addition, several elements of the current acquisition system (field of view of the detector, scanning time, X-ray beam, total acquisition time) as well as the imaging protocol used, do not allow the imaging of a whole human heart. Adult human hearts are a rare commodity, in terms of the requirements for special legal conditions and proven medico-legal assistance when it comes to ex-vivo studies of healthy hearts. It was not possible to know the state of contraction of these hearts because of their accidental origin. These reasons explain the limited number of tissue samples that are available for such studies. However, we obtained enough material to validate our method and to initiate the local description of the 3D arrangement of the myocyte aggregates of adult human hearts. Also, the current research was performed on healthy static ex-vivo hearts, and thus lacks any direct comparison with in-vivo functional and pathological hearts.

Our simulated data did not match the real tissue SR-PCT data perfectly, as mentioned in [START_REF] Varray | Extraction of the 3d local orientation of myocytes in human cardiac tissue using x-ray phase-contrast micro-tomography and multi-scale analysis[END_REF]. In the virtual tissue model, each myocyte was modeled as a linear cylinder, and we only considered two biological structures: sheetlets and CPs. However, our aim was to validate our method for the calculation of the local orientation of myocyte aggregates within sheetlets, and not to mimic histological reality; thus it was realistic enough (including histological variability) to provide a reliable ground truth and to allow validation.

The skeleton method is closely dependant on the quality and accuracy of the data segmentation step. The use of morphological filters of given sizes to extract the "main CPs" and to identify the sheetlets influences the scale of the analysis. This might artificially introduce ruptures in the extracted structures (i.e., the CPs) if their thickness suddenly decreases locally, as in regions like the subepicardial layers where the arrangements of sheetlets is particularly complex, or even nonexistent. A way to improve this step would be to use a series of morphological filters in a multi-scale approach.

For the computation time, the current algorithm has not been optimized, and it computes the orientation of the myocyte aggregates at each voxel of the skeleton of a sheetlet, which is very accurate, but time consuming. For example, in the ROI of Sample 1, the number of WWs involved was about 5 × 10 5 with the classic method (regular grid, no segmentation), and 10 8 for the current algorithm of the skeleton method. In terms of computation time, it took about 45 hours with the skeleton method to complete the measurement of the orientation of myocyte aggregates in the ROI of Sample 1 using the Matlab R2018b and the DELL Precision 7530 (Intel processor Core i7, 32GB Random-access memory) whereas only 15 minutes with the classic method. We will address this point in a near futur.

Conclusion

We investigated the distribution of the orientation of myocyte aggregates in the regions containing different sheetlet arrangements. The strict relationship between them is still not clear. However, this is the first time that accurate measurements of the 3D arrangements of myocyte aggregates have been performed on high-resolution human adult LV data. Our results show different configurations in the ex-vivo tissue samples, which opens the road to future work towards better understanding of the role of the sheetlets in the bio-mechanical function of the heart.

Using the skeleton method, we measured the evolution of the orientation of the myocyte aggregates in sheetlets. We show that the distribution of the orientation of the myocyte aggregates is regional, which is related to the arrangements of local sheetlets and might be crucial to local myocardial mechanical function.

Appendix

Statistical results of the HA and TA in the virtual model Table 2 provides the statistical results (mean value ± S D) of the HA and TA in the 15 virtual tissue volumes generated from the virtual tissue model. All of the values of reference, as HA R , T A R , D (thickness of sheets), and d (thickness of CPs), follow a uniform random distribution around their predefined theoretical values. In Table 2, the HA R ranges from 0 • ± 5 • to 80 • ± 5 • , and the T A R from 0 • ± 5 • to 40 • ± 5 • . The values of D and d are fixed to 122.5 ± 17.5 µm and 31.5 ± 7 µm, respectively. The HA c and T A c designate the angles calculated using the classic method, and the HA s and T A s designate those obtained using the skeleton method.

To check the influence of the pre-set orientation of the myocyte aggregates on the measured angular values, we set both the HA R and T A R as obeying Gaussian distributions. As presented in Figure 17, two virtual tissue volumes were generated. In one volume, HA R and T A R obey G(60 • , 5 • ) and G(20 • , 5 • ), respectively; in another volume, HA R and T A R obey G(60 • , 2 • ) and G(20 • , 2 • ), respectively. The distributions of D and d are the same as the volumes in Figure 5 and Table 2. In different virtual tissue volumes, we note that the measured myocyte aggregates angles are similar. 

HA and T

A T A R HA R 0 • 20 • 40 • 60 • 80 • HA c ± S D 0 • 0.0 • ± 0.5 • 19.0 • ± 4.7 • 40.0 • ± 2.5 • 59.1 • ± 5.7 • 82.6 • ± 1.3 • 20 • 3.4 • ± 6.5 • 17.1 • ± 2.1 • 40.9 • ± 6.1 • 58.8 • ± 3.1 • 82.0 • ± 1.6 • 40 • -2.7 • ± 2.8 • 21.2 • ± 7.3 • 36.5 • ± 3.4 • 58.9 • ± 3.9 • 81.8 • ± 5.2 • HA s ± S D 0 • 0.0 • ± 0.4 • 18.7 • ± 1.8 • 39.6 • ± 1.5 • 61.0 • ± 2.0 • 82.2 • ± 1.2 • 20 • -0.2 • ± 0.7 • 17.1 • ± 2.0 • 39.2 • ± 2.2 • 60.7 • ± 1.5 • 81.7 • ± 1.2 • 40 • -0.1 • ± 0.9 • 19.6 • ± 1.7 • 37.0 • ± 3.4 • 59.9 • ± 1.6 • 81.8 • ± 1.4 • T A c ± S D 0 • 0.0 • ± 0.5 • 2.5 • ± 4.6 • 1.3 • ± 2.9 • -5.4 • ± 8.1 • -4.1 • ± 6.9 • 20 • 19.5 • ± 5.3 • 17.2 • ± 2.1 • 23.3 • ± 9.4 • 14.9 • ± 4.7 • 12.2 • ± 10.0 • 40 • 39.2 • ± 2.6 • 40.2 • ± 6.1 • 36.5 • ± 3.6 • 38.4 • ± 6.1 • 37.4 • ± 10.9 • T A s ± S D 0 • 0.0 • ± 0.4 • -0.2 • ± 0.6 • 0.0 • ± 0.8 • 0.2 • ± 1.3 • 1.3 • ± 3.7 • 20 • 18.5 • ± 2.0 • 17.2 • ± 2.0 • 18.9 • ± 2.1 • 18.7 • ± 2.5 • 18.0 • ± 5.4 • 40 • 39.4 • ± 1.8 • 39.6 • ± 2.0 • 37.1 • ± 3.4 • 38.7 • ± 2.8 • 39.0 • ± 7.3 • * HA R , T A R , HA c , T A c ,
R = 0 • , 20 • , 40 • , 60 • , 80 • ± 5 • for T A R = 20 • ± 5 • . (b) Comparison between the distributions with T A R =0 • , 20 • , 40 • ± 5 • for HA R =60 • ± 5 • .

Figure 1 :

 1 Figure 1: Locations (anterior, posterior, lateral) of the five transmural LV free wall samples, where S1 2 indicates slice n • 1 and human heart n • 2.

Figure 2 :

 2 Figure 2: Processing strategy. (a) The red ROI is extracted from Sample 1 (LV post S5 1) (see Fig. S1, Supplementary material). (b) Binarized ROI with the CPs in yellow and the sheetlet skeletons in red. (c) Working window (WW) in pink, of 112 × 112 × 112 µm 3 in size (i.e., 32 × 32 × 32 voxels), centered on the surface skeleton (red) of a sheetlet. (d) WW containing only myocyte aggregates. (e) Binarized 3D Fourier spectrum of the WW, where → v is its tertiary eigenvector, (

  HA s , and T A s indicate the mean values of HA R , T A R , HA c , T A c , HA s , and T A s , respectively. International Conference on Functional Imaging & Modeling of the Heart, pp. 111-119.

Figure 3 :

 3 Figure 3: Extraction of the sheetlet skeleton from a reconstructed synchrotron radiation phase-contrast microtomography (SR-PCT) volume. Top row: 3D region of interest (ROI). Bottom row: mid-section of the ROI. (a) SR-PCT volume after low frequency filtering. (b) Binarized extracellular matrix (yellow). (c) Extracted CPs (yellow). (d) Chamfer distance field (blue): the maximum values in red correspond to the skeletons. (e) CPs (yellow) and extracted sheetlet skeletons (red) with several working windows (WWs) (pink), centered on the skeleton of sheetlets. (f) Curves for the HA s and T A s in the 3D ROI. (g) 3D 26-neighbor Chamfer kernel. Weight values (light gray, dark gray, black) increase with distance from the central voxel (white). (h) Masks defined for the Chamfer (3, 4, 5) algorithm.

Figure 4 :

 4 Figure 4: Illustration of the virtual tissue model g(r, c, l) of 256 × 256 × 256 voxels in size. (a) Centerlines of the virtual cardiomyocytes with HA R = 60 • ± 5 • and T A R = 20 • ± 5 • . (b) Virtual cardiomyocytes after convolution with the Gaussian kernel. (c) Virtual CPs with their initial normal direction → n = (1, 0, 0). In this example, the CP thickness is fixed at 9 voxels (31.5 µm) and the inter-CP distance at 35 voxels (122.5 µm). (d) Rotated CPs with → n = (0.71, 0.54, -0.46). (e) Sheetlets binary mask. (f) Final virtual tissue model.

Figure 5 :

 5 Figure 5: Virtual tissue models of 256 × 256 × 256 voxels in size that contained random myocytes (9 ± 1 µm, 125 ± 25 µm) and random CPs (D=122.5 ± 17.5 µm, d=31.5 ± 7 µm). Pre-set theoretical orientations: HA R , T A R (green). Orientations extracted with the classic method HA c , T A c (red), and the skeleton method HA s , T A s (blue). (a) Comparison between the distributions with HA R = 0 • , 20 • , 40 • , 60 • , 80 • ± 5 • for T A R = 20 • ± 5 • . (b) Comparison between the distributions with T A R =0 • , 20 • , 40 • ± 5 • for HA R =60 • ± 5 • .

Figure 6 :

 6 Figure 6: Human data: distributions of HA and TA along the radial direction inside the regions of intrest (ROIs; hatched in red) using the classic method HA c & T A c (red) and the skeleton method HA s & T A s (blue). At the endocardium and the epicardium, the wall depths are 0% and 100%, respectively.

Figure 7 :

 7 Figure 7: Virtual tissue slice of 256 × 256 × 32 voxels in size. (a) Virtual myocytes extracted from f (r, c, l) with HA R = 60 • ± 5 • , T A R = 20 • ± 5 • . (b) Virtual CPs extracted from m(r, c, l) with d = 31.5 µm, D = 122.5 µm, → n = (0.71, 0.54, -0.46) . (c) Virtual tissue slice extracted from g(r, c, l). (d) Mid-section of the slice placed in the rotated r θ Ol θ coordinate system with the CPs (yellow) and the skeletons (red). (e, f) Profiles that compare the orientations along parts of the skeleton of sheetlets (red dotted part): (HA R vs HA s ) and (T A R vs T A s ).

Figure 8 :

 8 Figure 8: Manual validation of the skeleton method with two orthogonal sections extracted from sample 1 (LV post S5 1). (a) HA measured in a cOl-section. Sheetlets with their skeleton (red lines). Manual ground truth HA manual (yellow segments) compared to computed HA s (green segments). (b) Curves of HA manual and HA s . (c) TA measured in a rOc-section. Sheetlets with their skeleton (red lines). Manual ground truth T A manual (yellow segments) compared to computed T A s (green segments). (d) Curves of T A manual and T A s .

Figure 9 :

 9 Figure 9: Human left ventricular (LV) synchrotron data. Above: 3D display. Below: mid-rOl section. The 3D arrangements of CPs (yellow) and skeletons (red) extracted from the whole regions of interest.

Figure 10 :

 10 Figure 10: Human left ventricular (LV) synchrotron data. Three-dimensional distributions of the HA s (left) and the T A s (right) of myocyte aggregates calculated for the whole regions of interest using the skeleton method.

Figure 11 :

 11 Figure 11: Sample 1 (LV post S5 1). Local arrangement of the HA s and T A s in a sub-ROI perpendicular to the radial direction. (a) Location of the sub-ROI (red) within the ROI (yellow). (b) Raw reconstructed data. (c) Binarized sub-ROI with CPs (yellow) and skeletons (red). (d) Raw reconstructed cOl-section: zoom in on two sheetlets with their skeleton (red) and myocyte aggregates of Classes 1 and 2. (e) Local HA s and T A s values along the skeletons. (f) Distributions of HA s and T A s together with color scales. (g) Myocyte aggregates of Classes 1 (red) and 2 (blue). (h) Alternation of Classes 1 and 2 in a cOl-section. (i-j) Profile of the mean HA s and T A s along the c θ and l θ directions, respectively, in the single cOl-section, with c θ 2c θ 1 ≈ 4.3 mm and l θ 2l θ 1 ≈ 4.3 mm.

Figure 12 :

 12 Figure 12: Sample 2 (LV ant S2 2). Local arrangement of the HA s and T A s in a sub-ROI perpendicular to the radial direction. (a) Location of the sub-ROI (red) within the ROI (yellow). (b) Raw reconstructed data. (c) Binarized sub-ROI with CPs (yellow) and skeletons (red). Zoom in showing branching and merging CPs. (d) Local HA s and T A s values along the skeletons, with three thresholds showing three possible configurations of two classes of myocyte aggregates.

Figure 13 :

 13 Figure 13: Sample 3 (LV ant S1 2). Local arrangement of the HA s and T A s in a sub-ROI perpendicular to the radial direction. (a) Location of the sub-ROI (red) within the ROI (yellow). (b) Raw reconstructed data. (c) Binarized sub-ROI with CPs (yellow) and skeletons (red). (d) Local HA s and T A s values along the skeletons. (e) A cOl-section, with CPs (yellow) and skeletons (red). The axis c θ (resp. l θ ) is parallel (resp. perpendicular) to the sheetlets. (f) Profile of the mean HA s and T A s along c θ , where c θ 2c θ 1 ≈ 5.1 mm. (g) Profile of the mean HA s and T A s along l θ , where l θ 2l θ 1 ≈ 5 mm.

Figure 14 :

 14 Figure 14: Sample 4 (LV lat S1 2). Local arrangement of the HA s and T A s in a sub-ROI parallel to the radial direction. (a) Location of the sub-ROI (red) within the ROI (yellow). (b) Raw reconstructed data. The black dotted segments show the two populations of sheetlets. (c) A cOl-section with black edges extracted from (b). Black dotted lines showing the strong angular variations of the myocyte aggregates. (d) Binarized sub-ROI with CPs (yellow) and skeletons (red). (e, f) Local HA s and T A s values along the skeletons.

Figure 15 :

 15 Figure 15: Sample 5 (LV post S1 2). Local arrangement of the HA s and T A s in a sub-ROI parallel to the radial direction. (a) Location of the sub-ROI (red) within the ROI (yellow). (b) Raw reconstructed data. The black dotted ellipse shows the contact zone between the two populations of sheetlets. (c) Binarized sub-ROI with CPs (yellow) and skeletons (red). (d) 3D arrangement of the HA s within the sub-ROI. (e) Color scale. (f) 3D arrangement of the T A s within the sub-ROI.

Figure 16 :

 16 Figure 16: Sample 5 (LV post S1 2). Contact zone between two populations of sheetlets. Sub-sub-ROI of 1.4 × 0.14 × 0.88 mm 3 in size, extracted from the ellipse zone (Fig. 15b). (a) Raw reconstructed data. The thick red dotted line follows the local arrangement of the sheetlets. The two lines, e 1 and e 2 , indicate either side of the contact zone. (b) Binarized sub-sub-ROI with CPs (yellow) and skeletons (red). (c) Profile of the distributions (mean value ± S D) of the HA s and T A s along the r-direction. (d, e) Distributions of the HA s and T A s superimposed on the sheetlet skeletons.

Figure 17 :

 17 Figure 17: Virtual tissue models of 256 × 256 × 256 voxels in size that contained random myocytes (9 ± 1 µm, 125 ± 25 µm) and random CPs (D=122.5 ± 17.5 µm, d=31.5 ± 7 µm). Pre-set theoretical Gaussian orientations: HA R , T A R (green). Orientations extracted with the classic method HA c , T A c (red), and the skeleton method HA s , T A s (blue). (a) Comparison between the distributions with HA R = G(60 • , 5 • ) and T A R = G(20 • , 5 • ). (b) Comparison between the distributions with HA R = G(60 • , 2 • ) and T A R = G(20 • , 2 • ).

Table 1 :

 1 The synchrotron radiation phase-contrast microtomography acquisition parameters for each scan

	Field

  • , 80 • ] on the endo-side, and [-10 • , 35

Table 2 :

 2 Global validation of the skeleton method: statistical results of the HA and TA in the 15 virtual tissue volumes.
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