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Abstract. The cardiac fiber architecture has an important role in electrophysiology, in mechanical functions of the heart, and in remodeling processes. The variability of the fibers is the focus of various studies in different species. However, the variability of the laminar sheets is still not well known especially in humans. In this paper, we present preliminary results on a quantitative study on the variability of the human cardiac laminar structure. We show that the laminar structure has a complex variability and we show the possible presence of two populations of laminar sheets. Bimodal distributions of the intersection angle of the third eigenvector of the diffusion tensor have been observed in 10 ex vivo healthy human hearts. Additional hearts will complete the study and further characterize the different populations of cardiac laminar sheets.
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Introduction



The heart is a complex muscle that is composed with myocardial fibers organized as laminar sheets [25,16]. The cardiac fiber structures have an important role in electrophysiology [14] and in mechanical functions [6] of the heart. The understanding of the cardiac fiber architecture is essential for better diagnosis and treatment of many cardiac pathologies. The fibrous nature of the heart has been known for centuries, tracing back to as early as 1694 [28], but has been limited to tedious histological studies [20]. The cardiac fiber structure can now be imaged with diffusion tensor magnetic resonance imaging (DT-MRI) [2,15], however the variability of the fiber structure in humans is still not well known (due to the very limited number and the value of post-mortem healthy human hearts) and is largely speculated from studies on other species (dogs [12,13,11,26,22,21,9], goats [8], and rats [3]). Recently, Lombaert et al. [17,18] constructed a statistical atlas of the human cardiac fiber architecture and assessed its variability. The fiber structure is shown to be more stable than the laminar sheet structure. They hypothesized that the higher variability of the laminar sheet could be due to the presence of two or more populations of laminar sheets [11]. Helm et al.
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Fig. 1: Atlas Construction: (1) From the acquired images, the myocardia are segmented. (2) Images are then aligned and registered non-rigidly toward a reference image. (3,4) The atlas is constructed iteratively by averaging acquired images in the average heart shape. Variability of the laminar sheets: (A) The directions of the laminar sheet normals are compared with the atlas for each heart, and (B) the probability distribution of the intersection angle is analyzed.



studied the variability of the cardiac laminar sheet in [13]. Using 7 canine hearts, they observed a bimodal distribution of intersection angles (i.e., two populations of laminar sheet structure) in most myocardial segments of the left ventricle. We present here the preliminary results of a study on the variability of the cardiac laminar sheet structure in humans. The methods used to construct and analyze the statistical atlas are briefly described. Next, the results show the angular variability, from the average healthy heart, of the the laminar sheet normal. The complexity of the laminar sheet structure is revealed thereafter by analyzing the distribution of the intersection angle of the laminar sheet normal. The distributions suggest the possible presence of two populations of laminar sheets in several myocardial segments of the left ventricle.
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Material and Method Dataset



The human dataset [7,23] consists of 10 healthy ex vivo human hearts acquired during forensic autopsies. The excised hearts were placed in a plastic container and filled with non destructive hydrophilic gel to maintain a diastolic shape. The images have been acquired on a 1.5T MR scanner (Avanto Siemens), all within 24 hours after death and prior to the examination by the pathologist, with a bipolar echo planar imaging using 4 repetitions of 12 gradient images. The
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diffusion-weighted images, from which are estimated the diffusion tensors, are of size 128x128x52 with an isotropic resolution of 2 mm. All cases are from extra cardiac sudden deaths, and the hearts are classified as healthy after controlling their weight, wall thickness, and subsequent pathology examination [24]. 2.2



Atlas Construction



The statistical atlas is constructed using four steps, all fully described in [17] and summarized here in Fig. 1. Information on the fiber architecture (i.e., any directional data from DT-MRI) is purposely omitted from the registration process in order to avoid introducing any bias in the study of the fiber variability. Myocardium Segmentation — Firstly, the myocardium of each heart is segmented out on the B0 image of the DT-MRI acquisition. The segmentation method is based on Graph Cuts [4]. Heart Registration — Secondly, each myocardium is registered to a reference image using solely the B0 images and the myocardial masks. The pairwise registrations are performed with the symmetric Log-domain diffeomorphic demons [29,19]. Construction of Healthy Atlas — Thirdly, the reference image is deformed toward the morphological average of all hearts by iterating until convergence the pairwise registrations and the heart averaging steps. This atlas construction follows Guimond’s et al. method [10]. Warping of Diffusion Tensors — Fourthly, and last, the resulting deformation fields computed from the registration process are used to warp all tensor fields to the morphological atlas. The diffusion tensors are reoriented using the Finite Strain strategy since it preserves the geometric features [22]. 2.3



Statistical Analysis



The diffusion tensor space of symmetric positive definite matrices does not have a vector space structure with the standard Euclidean metric. The Log-Euclidean metric [1] provides a simple and fast framework where first order arithmetic on diffusion tensors has a closed form solution. The average diffusion tensor field, D, is computed from the N warped tensor fields {D(i) }i=1...N (with N = 10 healthy hearts) using the Fr´echet mean: ! N 1 X (i) D = exp log(D ) (1) N i=1 The eigendecomposition of the average diffusion tensor D gives the three average eigenvectors v1,2,3 . The maximal local diffusion, revealed by the primary eigenvector v1 occurs along the fiber while most of the remaining diffusion occurs within the laminar sheet, where the secondary eigenvector v2 is thought to lay [12,13,27]. The tertiary eigenvector, v3 , corresponds to the normal of the laminar sheet.
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The deviation of the cardiac laminar sheet of each heart is given with the angular difference θ from the direction of laminar sheet normal, v3 , to the direction of the average laminar sheet normal, v3 . For instance, for the ith heart, the angular deviation from the average heart is: ! (i) |v3 · v3 | (i) θ3 = arccos (2) (i) k v3 kk v3 k The angles are defined between 0◦ and 90◦ . The absolute value of the dot product removes the inherent ambiguity in the orientation of the eigenvectors (i.e., |a · b| = |a · (−b)|). The variability of the laminar sheet can be measured with the probability distribution of the intersection angle of the third eigenvector (i.e., of the laminar sheet normal). The intersection angle [16] is defined as the projected angle of the laminar sheet normal (in red in the right figure) onto a transverse plane (the vertical transmural plane in green in the right figure). A prolate ellipsoidal model of the heart [20] is fitted to the morphology of the statistical atlas the prolate ellipsoidal coordinates.
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Results



The cardiac laminar sheet was shown [17] to vary more than the fiber direction. In order to understand the higher variability, the distribution of the intersection angle of the laminar sheet normal is estimated in all hearts and in several myocardial segments. The distributions show the presence of possibly two populations of laminar sheets. 3.1



Variability of the Laminar Sheet Normal



The direction of the laminar sheet normal in each 600 heart is compared with the ones of the average healthy 500 400 heart (i.e., the atlas). The angular differences of the 300 laminar sheet normals, given by Eq. 2 and shown in 200 Fig. 3, present deviations to the average heart in sev- 100 eral areas for each heart. The histogram of the an0 20 40 60 80 gular differences, in Fig. 2, shows an angular peak at Fig. 2: Histograms of the θ3 = 15.77◦ (the average of the histogram modes in angular deviation θ3 (in Fig. 2). degrees) for 10 hearts. 3.2



Variability of the Intersection Angle



We now study the probability distribution of the intersection angle of the third eigenvector (i.e., the laminar sheet normal). The probability distributions are
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Fig. 3: Deviation, θ3 , of the laminar sheet normal of each heart to the atlas. The coloring is the angular difference in degree.



presented in a joint histograms (Fig. 4) where the angle distribution, on the vertical axis, is plotted against all transmural distances, on the horizontal axis. Each heart appears to have a consistent distribution of laminar sheet normal directions with angles concentrated around a specific mean. Subject #3, #6, #9, and #10 appear to show two populations of laminar sheet normals (i.e., the angles are concentrated along two horizontal curves). The global joint histogram in Fig. 4(b) shows the probability distribution of the intersection angle (i.e., the variability of the laminar sheet normal) among all 10 hearts. Furthermore, the probability distributions in the 17 AHA segments (American Heart Association [5]) provide local statistics across the myocardium. More distinct clusters of laminar sheet structures are visible in Fig. 5, in particular AHA zones 2, 3, 4, 7, 8, 9, 12, 13, and 14 show angular distributions concentrated along two horizontal curves. These curves of average angles can be estimated using Gaussian Mixture Models (i.e., for each transmural distance, the intersection angle values are clustered into two Gaussian models). This is illustrated with two blue curves in each joint histogram. Each curves indicates the estimated mean angle of one of the two Gaussian models.
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Conclusion



In this paper, preliminary results of a study on variability of the human cardiac laminar structure have been presented. The cardiac fiber architecture has an important role in electrophysiology and in mechanical functions of the heart. The variability of the laminar sheets in humans is still not well known. It is thought that there are two populations of laminar sheets. Helm et al. [13] observed in 7 canine hearts a bimodal distribution of intersection angles of the third eigenvector (i.e., the laminar sheet normal). We similarly observed a bimodal distribution of intersection angles in human hearts. Our preliminary results within the dataset
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(a) For each heart, joint histogram of the intersection angle of the third eigenvector (i.e., laminar sheet variability)
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(b) Using 10 hearts, cumulative joint histogram of the intersection angle.



Fig. 4: Joint histograms showing the distribution of the intersection angle from epicardium (left side of each histogram) to endocardium (right side of each histogram) for (a) each heart, and (b) all hearts combined. The x-axis is the transmural distance from epicardium. The y-axis is the distribution of the intersection angles observed at one specific transmural distance (i.e., each column is the histogram of angles for one given distance). Color is the normalized probability distribution.



of 10 hearts suggest the possible presence of two populations of laminar sheets. We will include additional hearts to the study and try to further characterize the different populations of cardiac laminar sheets.
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Fig. 5: Joint histograms showing of the distribution of the intersection angle in 17 AHA LV segments. Blue curves (mean angles) are found using GMM (gray lines are the one-standard-deviation envelopes). Two populations of intersection angles are visible in most segments.
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