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A simple rule adopted for myofiber reorientation in the ventricles is pursued by taking the microscopic branching network of myocytes into account. The macroscopic active tension generated on the microscopic branching structure is modeled by a multidirectional active stress tensor, which is defined as a function of the strains in the branching directions. In our reorientation algorithm, the principal direction of the branching network is updated so that it turns in the direction of greater active tension in the isovolumetric systole. Updates are performed step-by-step after the mechanical equilibrium has been attained with the current fiber structure. Starting from a nearly flat distribution of the principal fiber orientation along the circumferential direction, the reoriented fiber helix angles range from 70 to 40° at epicardium and from 60 to 80° at endocardium, in agreement with experimental observations. The helical ventricular myocardial band of Torrent-Guasp’s model and the apical spiral structure of Rushmer’s model are also reconstructed by our algorithm. Applying our algorithm to the infarcted ventricle model, the fiber structure near the infarcted site is remodeled so that the helix angle becomes steeper with respect to the circumferential direction near the epicardial surface. Based on our numerical analysis, we draw the following conclusions. (i) The multidirectional active tension based on the microscopic branching network is potentially used to seek tighter connection with neighboring aggregates. (ii) The thickening and thinning transitions in response to active tension in each myocyte allow the macroscopic principal fiber orientation of the microscopic branching network to move toward the direction of greater active tension. (iii) The force–velocity relationship is the key factor in transferring the fiber shortening strain to the magnitude of active tensions used in the myofiber reorientation. (iv) The algorithm naturally leads to homogeneity in the macroscopic active tension and the fiber shortening strain, and results in near-optimal pumping performance. (v) However, the reorientation mechanism may degrade the pumping performance if there is severely inhomogeneous contractility resulting from infarction. Our goal is to provide a tool to predict the fiber architecture of various heart disease patients for numerical simulations of their treatment plans.
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INTRODUCTION

The distribution of fiber orientation in the ventricle wall is a key factor in determining the volume of blood ejected, local mechanical load, and energy consumption. Ideally, the fiber structure should maximize the ejection fraction while minimizing the mechanical load and energy consumption. However, such optimization is difficult to attain because of the complicated relationship between the active tension, energy consumption, and muscle deformation. In particular, the active tension is not determined by the strain alone, but also by the shortening velocity along the fiber orientation. Nevertheless, in our previous work (Washio et al., 2016) we showed that such optimization can be performed by sensing the multidirectional impulses in the microscopic branching myofibril structure during the systolic phase and shifting the center of the branches toward the direction of greatest impulse (Figure 1). Surprisingly, we found that this process constructed a realistic fiber structure of the left ventricle, starting from an almost flat distribution of fiber orientations along the circumferential direction. Furthermore, we saw that the distributions of active tension, sarcomere shortening velocity, and energy consumption were much more uniform than that of the artificial fiber structure with a linearly interpolated transmural helical fiber angle arrangement. The active tension decreases as the fiber shortening velocity increases (the force–velocity relationship, Hunter et al., 1998). Therefore, the strain and stress along the fiber orientation are strongly correlated. Our previous work suggests that the uniformity of the fiber shortening velocity could be naturally realized by examining the fiber structure in terms of the uniform active stress. In addition, the uniformity of the fiber active stress could be realized by using the microscopic branching fiber architecture. This macroscopic reorientation mechanism can be understood microscopically, as depicted in Figure 1. Under the force–velocity relationship in myofibrils, myocytes that are strongly pulled by their neighboring myocytes generate greater active tension, because they are shortened slower than other myocytes. If the myocytes that sense greater tension along their longitudinal direction become thicker, the principal fiber direction in the local aggregate can be reoriented to the new direction, strengthening the connections with the neighboring aggregates.
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FIGURE 1. Myofiber reorientation process in the microscopic branching network of myocytes (A,B) and the associated macroscopic representation by the multidirectional branching active stress (C,D). The myocytes with greater active tension are colored dark orange, whereas those with smaller active tension are colored yellow in (A,B). The macroscopic representations of the multidirectional active stresses are given in (C,D), in which f denotes the principal fiber direction, and the length of the red arrows represents the aggregated magnitude of active tension in each direction. The external tensions imposed by the neighboring aggregates are represented by blue arrows. In the reorientation process, we assume that the myocytes that sense greater tension in (A) become thicker in (B) and those that sense smaller tension in (A) become thinner in (B). The microscopic thickening and thinning process is macroscopically modeled so that the eccentricity of active tensions from the principal fiber direction is diminished. The changes in external tensions (blue arrows) from (A,C) to (B,D) represent the reorientation in neighboring aggregates.


In this paper, to predict the fiber orientation in the ventricle, we propose a reorientation algorithm in which a simple active stress model that refers only to the strains in the multidirectional fibers around the principal fiber orientation is used instead of the sophisticated model that refers also to the fiber shortening velocities. In the simple model, the strains in the multidirectional fibers are referenced to compute the active stresses in the associated directions, and the obtained stresses are superposed to reproduce the macroscopic active stress on the branching network. Furthermore, the static equilibrium under isovolumetric condition is computed instead of the equilibrium in the whole dynamical systole. This contrasts with the sophisticated cross-bridge model used to compute dozens of heartbeats in our previous work. In the previous approach, the fiber structure was updated by referring to the active tension impulses in the branching directions after each heartbeat. Thus, dozens of heartbeats were needed to identify the final structure. In this study, we simulate only the isovolumetric contraction phase, and update the fiber structure step-by-step after finding the mechanical equilibrium for the updated fiber structure. Thus, the computational cost is considerably less than that of the previous approach. The reason for using the isovolumetric phase is that we can limit the range of overall fiber shortening strain because of the constraint on the cavity volume. Thus, the force–velocity relationship in the dynamic condition can be approximately simulated by a simple linear relationship between the active tension and the fiber shortening strain under small deformations in the static condition. This simplified active stress model highlights the essential factors involved in the myofiber reorientation mechanism.

Rijcken et al. (1997) showed that the physiological fiber helix angle can be predicted by minimizing the integrated variance of fiber stain at the beginning of the ejection stage. Their work was later extended to consider the whole ejection process (Rijcken et al., 1999). The design space of the fiber helix angle is limited to two parameters that characterize the linear function which approximates the transmural change in the fiber helix angle in the rotationally symmetric left ventricular model, whereas our reorientation process allows changes at each individual location in the three-dimensional biventricular model. Rijcken et al. considered an objective function given by integrating the variance of fiber strains, and optimized this function for three parameters that characterize the fiber structure; in contrast, we do not have any specific objective function, instead using only local information about the mechanical loads. Kroon et al. (2009) hypothesized that myofibers adapt their local orientation to achieve minimal fiber–cross-fiber shear strain during the cardiac cycle, and proposed a simple reorientation process that uses only the local deformation gradient tensor to update the fiber orientation. Their idea is based on breaking and forming connections between the extra-cellular matrix and myofibers, whereas our method is based on the thickening and thinning of myocytes in the microscopic branching network. In this paper, we show that our reorientation process attains a physiologically reasonable fiber structure, even when starting from a nearly flat distribution of fiber orientation along the circumferential direction; such a large reorientation of helix angles was not tested by Kroon et al. (2009) or in subsequent studies (Pluijmert et al., 2012, 2017).

Regarding the possibility of personalized fiber structure modeling, a quite different approach was proposed by Lekadir et al. (2014) who used statistical data to predict the fiber structure. This takes inter-subject variability in the ventricular shape into account, and estimates the fiber orientation at each individual myocardial location. Because our algorithm allows any initial fiber orientation distribution, and also permits inhomogeneous contractility, it can be used to modify the fiber structure obtained by an existing prediction tool toward a more mechanically reasonable form.



MATERIALS AND METHODS


Active Stress of Multidirectional Fibers

We represent the configuration of the unloaded ventricle by Ω, and call this the reference configuration. The current position of the material point X ∈ Ω is represented as x = x(X) (see Supplementary Material S1 for Mathematical notations and the derivation of active stress tensor). The local infinitesimal deformation from the reference configuration is represented by the deformation gradient tensor F = ∂⁡x/∂⁡X. The active stress along the fiber direction, represented by the unit vector f in the reference configuration, is given by the second Piola–Kirchhoff stress tensor as
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where Tf is the active tension (contraction force per unit area in the reference configuration). The above definition of the second Piola–Kirchhoff stress tensor means that the traction force dt in the current configuration acting on an area element NdA in the reference configuration, in which the normal vector N points outward from the area, is given as follows:
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where [image: image] is the unit vector directed along the fiber orientation direction in the current configuration and (f⋅N) is proportional to the number of myofibrils that pass through the unit area perpendicular to N. This interpretation justifies the definition of Sact. Note that SactNdA itself represents F−1dt from the definition of the second Piola–Kirchhoff stress tensor.

To use the reorientation process based on the mechanical equilibrium condition in the steady state, we define the multidirectional active stress tensor Sact,MD of the branching fiber orientations [image: image] as
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where Tref is the reference value of the active tension and wi is the weight assigned to the i-th direction. A value of Tref = 40 kPa was adopted in our numerical experiments. In our pervious simulation work of beating ventricle (Washio et al., 2016) the active tension raised approximately up to 80 kPa. Therefore, we took the averaged value of active tension. The feedback from the deformation to the active stress is given by Ψ( ∈i), which is a function of the contraction ratio from the end diastolic configuration given by
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where FED is the deformation gradient tensor at the end diastole. Ψ is defined such that the active tension decreases linearly to zero until the contraction ratio ∈ i reaches ∈Z, i.e.,
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In the numerical experiments, ∈Z was set to 0.1 unless specified. As ∈Z becomes smaller, the sensitivity of the stress to the strain increases. The function Ψ is defined so that it approximates the force–velocity relationship under the dynamic condition by the stress–strain relationship under the static condition. We do not focus on the actual magnitude of force and velocity, but rather the response of the force to small changes in velocity. Later, the validity of the simplification from the dynamic condition to the static condition will be confirmed by the insensitivity of the reoriented fiber structures to the parameters Tref and ∈Z. Ψ is set to be one in the case of stretching ( ∈ i < 0) because the increase of active stress due to stretching may mislead the reorientation.

The branching fiber orientations are based on the orthonormal frame {f,s,n} as follows:
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where s is the sheet orientation vector, which usually indicates the laminar plane together with the principal fiber orientation f. However, the orientation of s is not essential in this study, because the sheet direction is only used to determine the branching directions in Eq. (7). The parameter θ is associated with the dispersion degree of the branching structure. In the numerical experiments, the branching angle θ was set to 45° unless specified, and the weights {wi} were determined for the principal orientation as w0 = 1/2 and for the eight peripheral orientations as wi = 1/16(1≤i≤8). Note that these parameters do not necessarily reflect the physiological microscopic structure of the branching network, because our purpose is not to predict the pumping performance, but to predict the fiber structure. As we will see in the numerical experiments, the parameters have little effect on the obtained fiber structure.



Mechanical Equilibrium Condition

In the proposed method, the fiber structure is updated under the mechanical equilibrium in the isovolumetric contraction phase. The equilibrium equation is represented as follows:
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where u = u(X) = x(X)−X is the displacement of material point X ∈ Ω, [image: image] is the Green–Lagrange strain tensor, J = det⁡F is the Jacobian, p is the hydrostatic pressure, k = 200 kPa is the bulk modulus, and PL and PR are the blood pressures in the left and right ventricles, respectively. ΓL and ΓR are the intracavity boundaries of the left and right ventricles, respectively, in the current configuration, and nΓ is the outward normal unit vector from these surfaces. The Dirichlet boundary condition u(X) = 0 is imposed on the boundary nodes around the valve rings. The last condition is the isovolumetric constraint, in which VL,ED and VR,ED are the cavity volumes, respectively, of the left and right ventricles at the end diastole. Spas is the passive second Piola–Kirchhoff stress tensor, defined from the deformation potential W as
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In this study, the deformation potential W is given by
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Here, [image: image] is the reduced invariant, defined as

[image: image]

with the right Cauchy–Green deformation tensor C=FTF. We set c1 = 25 Pa, c2 = 800 Pa, and q2 = 4. Applying the second term alone is unstable for small deformations, and so the first term was added. Because our focus is the impact of the fiber structure on the active stress, we did not introduce the anisotropy in the passive deformation energy caused by the fiber–laminar structure, which is specified by the distribution of fiber-sheet vectors (Usyk et al., 2000).



Myofiber Reorientation Algorithm

Given the initial frame distribution {f,s,n}, the internal left and right ventricle cavity pressures are linearly increased up to the prescribed end diastolic pressures PL,ED and PR,ED, respectively. In our simulations, values of PL,ED = 12 mmHg and PR,ED = 4 mmHg were adopted. During the expansion process of the cavity volumes, the active stress tensor is set to zero. Once the mechanical equilibrium at the end diastole has been established, the stretching along the branching directions ||FEDfi|| is recorded for all elements in the ventricle. The mechanical equilibrium is then computed in the isovolumetric contraction phase, where the reference value Tref of active stress is gradually increased to the prescribed reference value. During this process, the cavity volumes of the left and right ventricles are constrained to the end diastolic volumes, VL,ED and VR,ED, respectively. Once the mechanical equilibrium has been attained with the prescribed reference value Tref, the reorientation process starts. In this process, the frames {f,s,n} of all elements are updated by the following procedure. First, the candidate new principal direction [image: image] of the multidirectional active tensor Sact,MD in Eq. (3) is computed by summing the weighted vectors:
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The angle [image: image] between the principal fiber orientation vector f and the vector e is then computed as

[image: image]

As the rotation angle from f to e in determining the new fiber orientation, a small angle is taken by multiplying the weight ω by [image: image]:

[image: image]

because the application of [image: image] itself to the rotation of the frame {f,s,n} may cause the Newton iterations to break down while computing the mechanical equilibrium after updating the frame. In this study, a value of ω = 0.05 was adopted. The axis of rotation rf is determined so that it is perpendicular to f and e. Namely, the unit vector [image: image] is computed from [image: image], and then the axis is computed from rf = f×g. The rotation R(η), represented as

[image: image]

with respect to the orthonormal basis {f,g,rf} is applied to update each basis in the frame {f,s,n}. After updating the frame, the stretch ratios along the branching directions {||FEDfi||} in Eq. (4) are recomputed for the end diastolic deformation. The mechanical equilibrium is computed again for the next update. It is not clear whether there is a stationary fiber structure in this reorientation process. Though we expect a monotonic increase in the intracavitary pressures PL and PR, it is possible that they could decrease during the reorientation process. To avoid such a case, we also introduce a modified reorientation process that is insensitive to small eccentricity in the vector [image: image] in Eq. (14). Namely, we introduce a threshold value [image: image], and do not update the frame if the following condition is satisfied:

[image: image]

Using this strategy to ensure insensitivity to small eccentricity, we could expect the evolution of the fiber structure to stop at some point. In the numerical experiments, this insensitivity mechanism was applied with the threshold [image: image] unless otherwise specified.



Finite Element Ventricular Model and Computation Resource

In the finite element modeling, the ventricular walls were discretized with 45,000 tetrahedral elements, where the MINI(5/4c) element (Brezzi and Fortin, 1991) was adopted to avoid the instability caused by the nearly incompressible condition in Eq. (9). Though the higher-order interpolation of MINI elements was applied to the displacement u to evaluate the integration associated with the passive stress tensor, standard linear interpolation ignoring the central node was adopted for the active stress. Thus, it was sufficient to assign one basis {f,s,n} for each element. Therefore, reorientation based on Eq. (14) was performed by referencing the contraction ratio ∈i, which was computed at the central integration point of each tetrahedral element. The computations were performed using a parallel computer system (Intel Xeon E-2670 [2.6 GHz], 16 cores; Intel, Santa Clara, CA, United States) with a computation time of 14 s for a single update.



RESULTS


Evolution of Fiber Structure From a Nearly No-Twisting Structure

To examine the effectiveness of the reorientation process, we set the initial configuration of the principal unit vector distribution {f} of the left ventricle to be nearly circumferential by interpolating the fiber helix angle linearly according to the transmural depth from −10° at the epicardium to + 10° at the endocardium. Such a small twisting in the transmural direction, leaning a little to the physiological fiber structure (−60°at the epicardium to + 60° at the endocardium), was assigned to prevent the reorientation process from heading toward the opposite twisting structure ( + 60° at the epicardium to −60° at the endocardium). The sheet vector distribution {s} was set to be perpendicular to the tangential plane at the nearest point on the epicardial surface. The left ventricular intracavitary pressure monotonically increased until it reached a stationary value under the insensitivity mechanism, whereas a gradual decline was observed in the case of the reorientation without the insensitivity mechanism (Figure 2A). Remarkably, the averaged value of Ψ( ∈0) (Eq. 5) increased monotonically throughout the iterative process, even in the latter case (Figure 2B). Namely, without the insensitivity mechanism, the reduction in cavity pressure was accompanied by an increase in the averaged active stress. This suggests that maximizing the local stress does not necessarily maximize the intracavitary pressure. The evolution of the fiber helix angle (Figure 3A) shows that the reorientation process effectively stops after the fiber strain has been homogenized (Figure 3B). A detailed comparison of the fiber helix angle with experimental data obtained by a diffusion tensor magnetic resonance imaging study (Lombaert et al., 2012) shows good agreement with the fiber structure of real healthy human ventricles (Figure 4). Note that the helix angles were evaluated with respect to the end diastolic configuration.
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FIGURE 2. Changes in the left ventricular intracavitary pressure (A) and the averaged active stress factors in the principal fiber direction (B) during the reorientation process with (red lines) and without (black lines) the insensitivity mechanism. When the insensitivity mechanism was not adopted, the intracavitary pressure gently decreased after reaching the maximum (A: black line), though the active stress factor monotonically increased (B: black line).
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FIGURE 3. Evolution of fiber helix angles (A) and stretch ratio from the end diastolic configuration (B) during the reorientation process. The fiber helix angles are shown for the anteroseptal, anterior, and anterolateral zones in (A). The colors indicate the z (longitudinal direction) component of the fiber orientation vector f. The distribution of stretch ratio in the principal fiber direction (1− ∈ 0) on the infero-endocardial surface and the septal and lateral cross-sections are shown in (B). The numbers below each figure indicate the number of updates. The fiber structure remained stationary after 400 updates.
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FIGURE 4. Transmural helical angle arrangement of the optimized fiber structure in American Heart Association segments (The zones 1–16 are shown in Supplementary Material S2). The red dots and black squares were obtained by the reorientation processes with and without the insensitivity mechanism, respectively, and the blue lines were digitized from the diffusion tensor magnetic resonance imaging study reported by Lombaert et al. (2012), which averaged the data obtained from 10 healthy human hearts.




Influence of Inhomogeneity in the Contractility

To examine whether the proposed approach can predict the remodeling after infarction, we applied our reorientation algorithm to the finite element ventricular model with degenerated active stress in specific regions. In this simulation, we started the reorientation from the fiber structure that had been optimized by the procedure described in the previous section to simulate the remodeling from the healthy condition. The region of infarction was as shown in Figure 5A, assuming left anterior descending artery stenosis. In the infarcted region, the reference active tension Tref was reduced to 10% of the healthy remaining part. In the reorientation process, the left ventricular intracavitary pressure PL decreases, though the homogeneity of strain is improved (Figure 5B). Near the infarction boundary in the anterior healthy region, the helix angles at the epicardium become sharper, whereas they become gentler at the endocardium (Figures 5C–F). In particular, the fiber integral curves run along the boundary of the infarction, as observed by Sosnovik et al. (2009). In Figure 6, the fiber helix angles are plotted along with those of the initial fiber structure. The distributions have shifted downward slightly at the inferoseptal (Zones 3, 9, and 14) and anterolateral walls (Zones 6, 12, and 16), but are unchanged in the anterior (Zones 1, 7, and 13), which is remote from the site of infarction. This agrees well with the results of experimental studies by Wu et al. (2007, 2011).


[image: image]

FIGURE 5. Remodeling of the infarcted ventricle. The remodeling process started from the optimized fiber structure with homogeneous contractility. The region colored blue is the site of infarction, where only 10% of contractility compared to the healthy part was assumed (A). Changes in the left ventricular intracavitary pressure (black line) and the averaged active tension factor (red line) during the remodeling process (B). The distribution of the principal fiber direction f in the apical anterior region is shown before the remodeling process (C) and after the remodeling process with 1000 updates. The infarcted region is shaded (D). The stream lines of the principal fiber direction are shown before the remodeling process (E) and after the remodeling process with 1000 updates (F). Here, the colors on the curves indicate the z-component (longitudinal direction) of the principal fiber direction f. The streamlines were constructed by the software PARAVIEW, where the Runge–Kutta 4–5 integrator was adopted.
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FIGURE 6. Transmural helical angle arrangement of the optimized fiber structure of the infarcted ventricle model. The black squares dots were obtained by the remodeling processes for the infarcted ventricle model. The red dots indicate the initial arrangement obtained by the optimization for the standard ventricle model. The lines indicate the least-squares approximation of dots with the linear functions.




Sensitivity Analysis

The choice of branching angle θ appears to be essential. In our experience, taking a value of around 45° gives optimal performance. A smaller branching angle enlarged the deviation in helix angle around the middle layer, and made the helix angle at the endocardium slightly smaller, whereas a larger angle diminished the sensitivity to eccentricity in the active tension (Figure 7A). Regarding the choice of the parameter ∈ Z in defining the gradient in the stress–strain relationship (Eq. 5), the adoption of a higher value again diminished the sensitivity to eccentricity in the active tension (Figure 7B). In terms of the magnitude of active stress, the impact of the reference value Tref (Eq. 3) on the optimized fiber structure was small (Figure 7C).
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FIGURE 7. Impacts on the transmural helical angle arrangement of the optimized fiber structure of the variation of dispersion degree of the branching structure θ = 30, 45, and 60° (A), the gradient ∈Z = 0.1, 0.05, and 0.2 in defining the stress–strain relationship in the active tension factor (B), and the reference value of the active tension Tref = 20, 40, and 80 kPa (C). The plots for Zone 7: mid cavity-anterior and Zone 13: apical-anterior are shown.


For the practical use of our approach, it seems more efficient to start the reorientation process from the standard twisting fiber structure. In Figure 8, the optimized fiber structure obtained after 1000 updates starting from an artificial standard structure (linear transmural change from −60° [Epi] to 60° [Endo]) is compared with that starting from a flat distribution (linear transmural change from −10° [Epi] to 10° [Endo]). The resulting structures appear, on average, quite similar for the mid and endocardium layers, although the deviations in the former distributions are much smaller than in the latter. Though the transmural twisting was not markedly different before and after the optimization (Figure 9A), the inhomogeneity of the strain was considerably improved (Figure 9B).


[image: image]

FIGURE 8. Helical angle arrangement of the optimized fiber structure in American Heart Association segments. The red dots and black squares were obtained by the reorientation processes (1000 updates) starting from the linear transmural distribution from –10° (Epi) to 10° (Endo), and from –60° (Epi) to 60° (Endo), respectively, and the blue lines were digitized from the diffusion tensor magnetic resonance imaging study reported by Lombaert et al. (2012), which averaged the data obtained from 10 healthy human hearts.



[image: image]

FIGURE 9. Results of reorientation starting from the linear distribution of fiber helix angle from –60° (Epi) to 60° (Endo). The fiber helix angles are shown for the anteroseptal, anterior, and anterolateral zones in (A). The colors indicate the z (longitudinal direction) component of the fiber orientation vector f. The distribution of stretch ratio in the principal fiber direction (1− ∈0) on the infero-endocardial surface and the septal and lateral cross-sections are shown in (B). The upper figures show them for the initial fiber structure, and the lower figures show them for the final structure obtained after 1000 updates.




Reconstruction of Helical Ventricular Myocardial Band

Remarkably, our reorientation process was able to construct the helical ventricular myocardial band running from the apical epicardium to the basal epicardium via the septal endocardium (Figure 10A), as found by Torrent-Guasp (Buckberg et al., 2008). Such stream lines cannot be generated from artificial fiber direction vectors that run perpendicular to the transmural direction everywhere. The spiral structure at the apex (Rushmer et al., 1953; Grant, 1965; Buckberg, 2002) was also accurately reproduced by our reorientation algorithm (Figure 10B). The success of our numerical model in reconstructing these sophisticated structures further validates the applicability of our simple rule in real physiological tissue.
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FIGURE 10. Stream lines before (upper) and after (lower) the reorientation starting from the linear distribution of fiber helix angle from –60° (Epi) to 60° (Endo). (A) Stream lines integrated along the principal fiber direction f from the ball placed at the epicardial apical anterolateral portion. (B) Stream lines integrated from the points distributed on the line running through the apex. The colors indicate the z (longitudinal direction) component of the fiber orientation vector f. The streamlines were constructed by the software PARAVIEW, where the Runge–Kutta 4–5 integrator was adopted.




Pumping Performance

We applied the artificial standard fiber structure (linear transmural change from −60° [Epi] to 60° [Endo]) and the resulting optimized fiber structure to the beating simulation code used in our previous work (Washio et al., 2016). The aim was to confirm that the optimized fiber structure with the simple active stress model in the isovolumetric contraction phase is effective for the whole beating simulation with a physiologically realistic cross-bridge model. In this simulation, the same parameter set of passive material properties as in the reorientation process was applied to eliminate the effect of the laminar structure determined by the sheet direction vector s, and the single-directional active stress (Eq. 1) was adopted with the active tension Tf computed by 32 filament pairs in the cross-bridge model for each element. The heart rate was set to 60 beats per minute, and the Ca2+-transient generated by the midmyocardial cell model proposed by ten Tusscher and Panfilov (2006) was applied. We used transmural delays determined by the distances from the endocardial surfaces of the left and right ventricles under a transmural condition velocity of 52 cm/s, as measured by Taggart et al. (2000).

Comparisons of the pumping performance show considerable improvements in the blood ejection [65 vs. 58 ml], rise of blood pressure (122 vs. 115 mmHg) (Figure 11A), and amount of work (1.00 vs. 0.85 J) (Figure 11B) under our reorientation process, which was applied using the simple active stress model in the isovolumetric phase. In comparing the active tension distribution (Figure 11C), the homogenization effects produced by the reorientation mechanism are clearly apparent in both the isovolumetric phase and the blood ejection phase. The correlation in the contours between the active tension (Figure 11C) and the fiber shortening velocity (Figure 11D) indicates the impact of the force–velocity relationship on the contractility. Namely, the active tension is small where the fiber shortening velocity is high.
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FIGURE 11. Comparison of pumping performance for the optimized fiber structure and the artificial fiber structure. (A) Time courses of left ventricular intracavitary pressures for the optimized fiber structure (red solid line) and the artificial fiber structure (black solid line), and time courses of left ventricular volumes for the optimized fiber structure (red broken line) and the artificial fiber structure (black broken line). (B) Pressure–volume loops for the optimized fiber structure (red) and the artificial fiber structure (black). (C) Distribution of active tension for the optimized fiber structure (upper) and the artificial fiber structure (lower) at the end of the isovolumetric contraction phase (Time = 0.07 s) and at the middle of the blood ejection phase (Time = 0.15 s). These timings are indicated by the vertical line in (A). (D) Distribution of fiber shortening velocity for the optimized fiber structure (upper) and the artificial fiber structure (lower) at the end of the isovolumetric contraction phase (Time = 0.07 s) and at the middle of the blood ejection phase (Time = 0.15 s).




Computational Efficiency

Because the mechanical equilibrium must be attained for the highly non-linear finite element problem, the reorientation process should be performed carefully to avoid the Newton iterations breaking down. This is the reason for the factor ω = 0.05 in Eq. (16) when modifying the rotation angle [image: image] to the angle η between f and e. For practical use in the personalized modeling of fiber structure, it is preferable to reduce the number of updates required to obtain the final structure by using a larger value of ω. Here, we examine whether we can improve the computational efficiency by applying a smaller reference value of the active tension Tref without degrading the quality of the obtained fiber structure. To maintain computational stability with a larger coefficient value of ω = 0.2, we reduced the reference value Tref from 40 to 10 kPa (Eq. 3). Because this reduces the strain, we also decreased ∈ Z from 0.1 to 0.05 to increase the sensitivity of stress to strain. As shown in Figures 12A,B, the convergence was accelerated by a factor of about four by this strategy. The good agreement in the transmural changes of helix angles everywhere in the left ventricle between the fiber structure after 400 updates with the previous process and after 100 updates with the accelerated process demonstrate the reliability of the acceleration technique (Figure 13). With this acceleration, the computation time was reduced to 0.4 h (100 updates) from 1.6 h (400 updates). This result clearly indicates that the optimized fiber structure is insensitive to the magnitude of the contractile tension, suggesting that large deformation analysis is not always necessary for predicting the fiber orientation.


[image: image]

FIGURE 12. Comparison of remodeling process with the standard parameter set (Tref = 40 kPa, ∈ Z = 0.1, ω = 0.05) and the variant (Tref = 10 kPa, ∈ Z = 0.05, ω = 0.2) for acceleration. (A) Transients of the left ventricular intracavitary pressures. (B) Evolution of fiber structures are compared by the stream lines starting from the ball placed at the epicardial apical anterolateral portion. The numbers indicate the number of updates. The streamlines were constructed by the software PARAVIEW, where the Runge–Kutta 4–5 integrator was adopted. With the accelerated reorientation process, the increase in cavity pressure and evolution of fiber structure remain almost unchanged after 100 updates.



[image: image]

FIGURE 13. Unchanged transmural helical angle arrangement of the optimized fiber structure in overall left ventricular wall given by the acceleration technique. The red dots and black squares were obtained by 400 updates of the reorientation processes with the standard parameter set (Tref = 40 kPa, ∈ Z = 0.1, ω = 0.05) and by 100 updates with the variant (Tref = 10 kPa, ∈ Z = 0.05, ω = 0.2) for acceleration, respectively. The two distributions are almost the same everywhere in the left ventricle wall.




DISCUSSION

In this study, a simple stress–strain relationship (Eq. 5) under static equilibrium was used for myofiber reorientation of the biventricular finite element model. This relationship was introduced as a replacement for the force–velocity relationship in the whole dynamical systole. The simplification provided an insight into the reorientation mechanism using the microscopic branching fiber architecture. Namely, the force–velocity relationship implies less active tension for faster shortening. This corresponds to the property of the stress–strain relationship that represents lower stress with greater shortening strain. Our approach using the association of the two relationships under the dynamic and static conditions was verified by the unaffected fiber structures for the magnitudes of active tension (Figures 7C, 12, 13) and the beating ventricle simulation results (Figure 11).

While the reorientation mechanism worked well in terms of improving the pumping performance when the muscle contractility was homogeneous (Figure 3), it was also shown that the same mechanism may negatively affect the pumping performance for the ventricles that contain regions severely damaged by infarction. In our numerical model, the mechanism modified the fiber structure in the healthy region near the site of infarction such that the fiber stream lines run along that boundary (Figures 5D,F). As a result, the connections between the healthy region and the site of infarction are weakened, which results in the region around the boundary becoming elongated in the cross-fiber direction and a decrease in intracavitary pressure (Figure 5B).

The successful reconstruction of the helical ventricular myocardial band of Torrent-Guasp’s model and the apical spiral structure of Rushmer’s model indicate that these interesting structures should be inevitable results of the simple reorientation mechanism, regardless of their roles in pumping. Our analysis suggests that these structures make the myocytes support each other along their longitudinal direction, thus minimizing the overall fiber shortening strains.

Our macroscopic multidirectional active tensor was shown to be useful for predicting the fiber structure, and also for understanding the reorientation mechanism using the microscopic branching structure. However, we must be careful in applying this tensor to beating heart dynamical simulations, because such multidirectional stress degrades the pumping performance, with the degradation becoming worse as the dispersion angle θ in Eq. 7 increases. Actually, in our model with the common reference active tension Tref = 40 kPa, the left ventricular intracavitary pressures for the optimized structure were 89.7 mmHg and 79.0 mmHg, respectively, for θ = 30° and θ = 45°. Because we assumed a nearly incompressible property for the muscle, the active tension in one direction imposes expansions in orthogonal directions. Therefore, the active tensions in the branching directions interfere with each other. However, it is not known whether the real microscopic branching architecture has the same disadvantage, because our macroscopic model may be too simple to reproduce the sophisticated characteristics of the branching architecture. Another point of concern is the disorder of the fiber helix angle—it is not certain whether the disorder was generated by some characteristic errors of finite element discretization. Apparently, the disorder is not improved after being generated during the reorientation process. Indeed, when the initial structure was closer to the optimal structure, the disorder became considerably smaller, even after the same number of iterations (Figure 9A). Note that the intracavitary pressure also increased from 79.0 to 82.3 mmHg when the initial structure was changed. Thus, the question arises as to whether there is some mechanism for diminishing the disorder. The numerical smoothing of disorder is not so simple, because f and −f are equivalent in terms of defining the active stress tensor, but not for smoothing the distribution of f.

Our main goal of this study is to construct a tool to predict the fiber structure for individual heart disease patients, and use the obtained data as the input for computer simulations to optimize the treatments. Though the validation for the healthy ventricle in Figure 4 and the infarcted ventricle in Figures 5, 6 show the potential of our algorithm as such a tool, we must further validate it with animal models of regional infarct, pressure overload, and volume overload. Because our algorithm is based on the static mechanical equilibrium in the isovolumetric systole, it can’t be directly applied to cases of dyssynchrony or diastolic dysfunction. In case of dyssynchrony, some regional weighting to the active stress according to the excitation timing (smaller weight to latterly excited region) may be effective. In case of diastolic dysfunction in which smooth relaxation of sarcomeres is hindered due to residual cross-bridges of actomyosin complex, our algorithm may be valid by properly reproducing the end diastolic configuration as the starting point of our optimization. Further investigations by comparisons with experimental facts are needed for these issues.

In this study, we did not consider the role of the laminar structure indicated by the sheet orientation vector s. We have tested the reorientation process with non-symmetric weights such as w0 = 1/2,w1 = w5 = 1/8,w2 = w4 = w6 = w8 = 1/16,w3 = w7 = 0 in Eq. (7), and updated the frame {f,s,n} using the two eigenvectors associated with the first- and second-largest eigenvalues of the tensor: [image: image]. However, the intracavity pressure decreased by 19 mmHg compared with the fiber structure obtained by the reorientation process using symmetric weights, and the disorder in helix angles increased considerably. Therefore, further studies are needed to identify the role of the laminar structure, including its impact on the passive properties.

In the ventricular model used in this study, the papillary muscles were neglected. Thus, the mechanical loads imposed by pulling forces via chordae tendineae were ignored. Because the total pulling force via chordae tendineae is about the same as the product of valve area and intracavitary pressure, it may give considerable impact on the fiber architecture around the roots of the papillary muscles. In fact, the gaps at the epicardial region in zones 9 and 14 around the apical and mid septal segments (see also Supplementary Material S2) between the numerical results and the experimental data in Figure 4 may be caused by the removal of a right ventricular papillary muscle attached to the septal inner wall. The inclusion of papillary muscles in the numerical ventricle model along with their appropriate mechanical treatment is our future work.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



AUTHOR CONTRIBUTIONS

SS and TH designed the project. TW designed and conceived the numerical algorithm of reorientation. TW and JO constructed the simulation code and the input data. TW wrote the manuscript with inputs from SS and TH.



FUNDING

This work was supported in part by the Ministry of Education, Culture, Sports, Science, and Technology of Japan (MEXT) as a Priority Issue on Post-K computing (Integrated Computational Life Science to Support Personalized and Preventive Medicine) (Project ID: hp180210 and hp190179).



ACKNOWLEDGMENTS

We thank Edanz Group (www.edanzediting.com/ac) for editing a draft of this manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2020.00467/full#supplementary-material



REFERENCES

Brezzi, F., and Fortin, M. (1991). Mixed and Hybrid Finite Element Methods. (Springer Series in Computational Mathematics). New York, NY: Springer, 15, 200–273.

Buckberg, G. (2002). Basic science review: the helix and the heart. J. Thorac. Cardiovasc. Surg. 124, 863–883. doi: 10.1067/mtc.2002.122439

Buckberg, G., Mahajan, A., Saleh, S., Hoffman, J. I., and Coghlan, C. (2008). Structure and function relationships of the helical ventricular myocardial band. J. Thorac. Cardiovasc. Surg. 1, 578–589. doi: 10.1016/j.jtcvs.2007.10.088

Grant, R. P. (1965). Notes on the muscular architecture of the left ventricle. Circulation 32, 301–308. doi: 10.1161/01.CIR.32.2.301

Hunter, P. J., MaCulloch, A. D., and ter Keurs, H. E. D. J. (1998). Modelling the mechanical properties of cardiac muscle. Prog. Biophys. Mol. Biol. 69, 289–331. doi: 10.1016/s0079-6107(98)00013-3

Kroon, W., Delhaas, T., Bovendeerd, P., and Arts, T. (2009). Computational analysis of the myocardial structure: adaptation of cardiac myofiber orientations through deformation. Med. Image Anal. 13, 346–353. doi: 10.1016/j.media.2008.06.015

Lekadir, K., Hoogendoorn, C., Pereanez, M., Albà, X., Pashaei, A., and Frangi, A. F. (2014). Statistical personalization of ventricular fiber orientation using shape predictors. EEE Trans Med Imaging 33, 882–890. doi: 10.1109/TMI.2013.2297333

Lombaert, H., Peyrat, J. M., Croisille, P., Rapacchi, S., Fanton, L., Cheriet, F., et al. (2012). Human atlas of the cardiac fiber architecture: study on a healthy population. IEEE Trans. Med. Imaging 31, 1436–1447. doi: 10.1109/TMI.2012.2192743

Pluijmert, M., Delhaas, T., de la Parra, A. F., Kroon, W., Prinzen, F. W., and Bovendeerd, P. H. M. (2017). Determinants of biventricular cardiac function: a mathematical model study on geometry and myofiber orientation. Biomech. Model. Mechanobiol. 16, 721–729. doi: 10.1007/s10237-016-0825-y

Pluijmert, M., Kroon, W., Rossi, A. C., Bovendeerd, P. H. M., and Delhaas, T. (2012). Why SIT works: normal function despite typical myofiber pattern in situs inversus totalis (SIT) hearts derived by shear-induced myofiber reorientation. PLoS Comput. Biol. 8:e1002611. doi: 10.1371/journal.pcbi.1002611

Rijcken, J., Bovendeerd, P. H., Schoofs, A. J., van Campen, D. H., and Arts, T. (1999). Optimization of cardiac fiber orientation for homogeneous fiber strain during ejection. Ann. Biomed. Eng. 27, 289–297. doi: 10.1114/1.147

Rijcken, J., Bovendeerd, P. H. M., Schoofs, A. J., van Campen, D. H., and Arts, T. (1997). Optimization of cardiac fiber orientation for homogeneous fiber strain at beginning of ejection. J. Biomech. 30, 1041–1049. doi: 10.1016/S0021-9290(97)00064-X

Rushmer, R. F., Crystal, D. K., and Wagner, C. (1953). The functional anatomy of ventricular contraction. Circ. Res. 1, 162–170. doi: 10.1161/01.RES.1.2.162

Sosnovik, D. E., Wang, R., Dai, G., Wang, T., Aikawa, E., Novikov, M., et al. (2009). Diffusion spectrum MRI tractography reveals the presence of a complex network of residual myofibers in infarcted myocardium. Circ. Cardiovasc. Imaging 2, 206–212. doi: 10.1161/CIRCIMAGING.108.815050

Taggart, P., Sutton, P. M., Opthof, T., Coronel, R., Trimlett, R., Pugsley, W., et al. (2000). Inhomogeneous transmural conduction during early ischaemia in patients with coronary artery disease. J. Mol. Cell Cardiol. 32, 621–630. doi: 10.1006/jmcc.2000.1105

ten Tusscher, K. H., and Panfilov, A. V. (2006). Alternans and spiral breakup in a human ventricular tissue model. Am. J. Physiol. Heart Circ. Physiol. 291, H1088–H1100. doi: 10.1152/ajpheart.00109.2006

Usyk, T. P., Mazhari, R., and McCulloch, A. D. (2000). Effect of laminar orthotrophic myofiber architecture on regional stress and strain in the canine left ventricle. J. Elasticity 61, 143–164. doi: 10.1023/A:1010883920374

Washio, T., Yoneda, K., Okada, J., Kariya, T., Sugiura, S., and Hisada, T. (2016). Ventricular fiber optimization utilizing the branching structure. Int. J. Numer. Method Biomed. Eng. 32:e02753. doi: 10.1002/cnm.2753

Wu, E. X., Wu, Y., Nicholls, J. M., Wang, J., Liao, S., Zhu, S., et al. (2007). MR diffusion tensor imaging study of postinfarct myocardium structural remodeling in a porcine model. Magn. Reson. Med. 58, 687–695. doi: 10.1002/mrm.21350

Wu, Y., Zhang, L. J., Zou, C., Tse, H. F., and Wu, E. X. (2011). Transmural heterogeneity of left ventricular myocardium remodeling in postinfarct porcine model revealed by MR diffusion tensor imaging. J. Magn. Reson. Imaging 34, 43–49. doi: 10.1002/jmri.22589

Conflict of Interest: TW, SS, JO, and TH were employed by the company UT-Heart Inc.

Copyright © 2020 Washio, Sugiura, Okada and Hisada. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-11-00467-e018.jpg
(18)





OPS/images/fphys-11-00467-e016.jpg
(16)





OPS/images/fphys-11-00467-e017.jpg
cosn —sinn 0
R()= | sinn cosn 0 |, a7
0o 0 1





OPS/images/fphys-11-00467-g002.jpg
>

Cavity pressure P, [mmHg]

80

701

no insensitivity

— with insensitivity

n n 1 N 1 1 N
6 200 400 600 800 1000
Update count

(¥(eo))

0.9_
0.8-
0.7-
0.6-

0.5

no insensitivity |
— with insensitivity |

i 1 1 N 1 N 1
500 400 600 800 1000

Update count





OPS/images/cover.jpg
frontiers
in Physiology

Using Systolic Local Mechanical
Load to Predict Fiber Orientation
in Ventricles





OPS/images/fphys-11-00467-g001.jpg
Y

W

;w
/—\

%%

1\








OPS/images/fphys-11-00467-g006.jpg
Mid cavity Basal

Helix angle[deg]

Apical

anterior anteroseptal inferoseptal inferior inferolateral anterolateral

of

&
o

Epi Endo + Control
Transmural distance = Infarction






OPS/images/fphys-11-00467-g005.jpg
m

&

@
- =3 =}
T

200 400 600 800 10

0

[6HwwW] 77 ainssaid Ayred

Update count






OPS/images/fphys-11-00467-g004.jpg
Mid cavity Basal

Helix angle[deqg]

Apical

anterior  anteroseptal inferoseptal inferior inferolateral anterolateral

Zoné3

3PS T I I T e o

Epi Endo
Transmural distance ® no sensitivity

« with sensitivity





OPS/images/fphys-11-00467-g003.jpg
A Fiber zicompotient ~io.a02 i 08 10
= A i) e grve Wy, v A
Ta™ e 4\ \ A T ‘D‘ ""A,

initial #100 #200 #4400

B Stretch ratio ~ 0-95 1 1.05

it ainininin' ' ' ' iainind

initial #100 #200 #400

e v~
M A

#1000

#1000





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-11-00467-e007.jpg
38 G+ S+ 201002






OPS/images/fphys-11-00467-e008.jpg
—p auvnrvmwk/auvnrvdrk, ®
JIL JTR





OPS/images/fphys-11-00467-e005.jpg
fo

©)





OPS/images/fphys-11-00467-e006.jpg
2n(i—1 2n(i—1
£ = costf +sin6 (em%ﬁ- sin%n) )





OPS/images/fphys-11-00467-i009.jpg
aat

e— (e-HF





OPS/images/fphys-11-00467-e009.jpg
./nﬁp(z(]—l)—g)dﬂzo,

©)





OPS/images/fphys-11-00467-e010.jpg
Vi = Vi (10)

Vr = Vrzp’





OPS/images/fphys-11-00467-e011.jpg
s a
pas =

an





OPS/images/fphys-11-00467-e014.jpg
E= S wr(e)f, (14)
i=0





OPS/images/fphys-11-00467-i012.jpg





OPS/images/fphys-11-00467-e015.jpg
cosfi=f-e. (15)





OPS/images/fphys-11-00467-i013.jpg





OPS/images/fphys-11-00467-e012.jpg
exp(q2E 1 E) — 1

W=ah-3)+c 5

(12)





OPS/images/fphys-11-00467-i014.jpg
D = Y, wili(e)fi®fi





OPS/images/fphys-11-00467-e013.jpg
I = det(C) "t TH(C) (13)





OPS/images/fphys-11-00467-i010.jpg





OPS/images/fphys-11-00467-i011.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Using Systolic Local Mechanical Load to Predict Fiber Orientation in Ventricles



		INTRODUCTION



		MATERIALS AND METHODS



		Active Stress of Multidirectional Fibers



		Mechanical Equilibrium Condition



		Myofiber Reorientation Algorithm



		Finite Element Ventricular Model and Computation Resource







		RESULTS



		Evolution of Fiber Structure From a Nearly No-Twisting Structure



		Influence of Inhomogeneity in the Contractility



		Sensitivity Analysis



		Reconstruction of Helical Ventricular Myocardial Band



		Pumping Performance



		Computational Efficiency







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fphys-11-00467-i005.jpg





OPS/images/fphys-11-00467-e000.jpg
User.
= TEfT
Sact

@





OPS/images/fphys-11-00467-i006.jpg





OPS/images/fphys-11-00467-i007.jpg





OPS/images/fphys-11-00467-i008.jpg
g=g/llgll





OPS/images/fphys-11-00467-e003.jpg
IEFil|

- Li=0,...
|| Fenf;ll

@)





OPS/images/fphys-11-00467-i001.jpg
()






OPS/images/fphys-11-00467-e004.jpg
V(&) =

1, €i<0
1- €/ €z 0 <€i<ez
0, €i>€z

(5)





OPS/images/fphys-11-00467-i002.jpg
(ETE-T)





OPS/images/fphys-11-00467-e001.jpg
Ef
dt = FSuNdA = T, 2
=B Em? N @





OPS/images/fphys-11-00467-i003.jpg





OPS/images/fphys-11-00467-e002.jpg
" wiW () of, ®)
Sact,Mp = T“’fzo: IEFI L






OPS/images/fphys-11-00467-i004.jpg
e=¢/||e]|





OPS/images/fphys-11-00467-i000.jpg





OPS/images/cross.jpg
3,

i





OPS/images/fphys-11-00467-g009.jpg
Initial | -4 sy

b e A
Final by T
v Y,

| S TR
Fiber z-component Stretch ratio

-10 05 0 05 10 0.95 1 1.05
R 1





OPS/images/fphys-11-00467-g008.jpg
Mid cavity Basal

Helix angle[deg]

Apical

anterior anteroseptal inferoseptal inferior

inferolateral

anterolateral

. Zoné T Zond 4

Zone1""‘2"é'2’" .

|x|||x|

tZondb T

Epi Endo
Transmural distance

» —10to 10

o 60 to 60





OPS/images/fphys-11-00467-g007.jpg
5

()}
O O O

Helix angle [deg]
()]
O

o

T Tl
- Zone 7 £§ - Zone 7 c:!?
i i g ° 0]
»&xa‘ aﬁ@‘ 0L e D X o 0% X
’8
§<Hﬁﬁ :"éx 5:;'&" :
Dg:,o 45deg OXB e 0.1 ]
o 30deg{ -50} g o D 0.05;
L . X ,60deq] [ % 5 L % 0.2 1
4 T Y T Q. [ U T T T T
r Zone 13 mgagﬁ 501 Zone 13

%“" A o
T DRI
[ ., . . % 60deg] L. | 1% Q.2
Epi Endo Epi Endo

Transmural distance

Transmural distance

o

T % T
i
%
! ¥ =
r '@ @ )'(& ¥ 7]
- &.!. .
I o e 40KPa]
it " X o 20KPa]
[ . 1 ] X . 8QKPal
X T T T T T
2
- Zone 13 3 l§
¥
=]
okt %8
I g x e 40KP
—%g % a 20KP
[ & | X B80KP
Epi Endo

Transmural distance





OPS/images/fphys-11-00467-g013.jpg
Mid cavity Basal

Helix angle[deg]

Apical

o

anterior anteroseptal inferoseptal inferior inferolateral anterolateral
FZone' "'E' g zond2 T 7] Zone 4 "'ﬂ Zoné 6 "’ﬂ
- a ’ﬁ' H a = - —
E aBagl ,ah:"‘f _— LR 1.". ]
:‘ ] =.l' L a'l. 3 #" 8 uaE 2 —: - .’.-. 3
’.l.. -- w " .'I: a ] L :
:_i'" R 3 % ¢ 3 Ly 3
(I LA W o M v AN (0 o i i R s v ] W i £ ....I....I..j
tZdne'7 T " Zone'8 " j FZone'10 "' dne'127 77
E N o £ - o Ché o 25

B 8 1t C ] L SO s ia

o o . ] & Bs SR cdasmbh
B '-"3; '..r ] e f.- E -‘-4.: E n -"
5 ke ® e R e et
-.l.l.l.l. ey gyt ey gege] g "....l|...l.:.l.l.l.l.'.l.l.l.l.l
FZdne'13" " & Zbné 14" "7 | Zohe 15 " 7! Zone 16’ -
F ; 50 F 50F [] 5 50F
r 88 ® : Y ol ag®
L = o N g ] L s 8
& .'Jﬂﬁ:'-. 0 *.%. OF ke Ofaa geuaw
= l'.' . - ‘e ' ] Eo' e
s -50/B® -50F° gn {1 50f-

1 { S | 1 1 { ST A | 1 :. | RS R S | :. { ES5 R Y [

Epi Endo o Thep=40 kPa, €;=0.1, w=0.05, #400

Transmural distance

o Tyor=10 kPa, €;=0.05, 0=0.2, #100





OPS/images/fphys-11-00467-g012.jpg
30

©
T
?.f 128
. ]
B 126
= I —— T=40 kPa, £,=0.1, ©=0.05 |
L —T=10 kPa, £,=0.05, »=0.2 724
= i ]
—_— ! | L | \ | !
= 100 200 300 2007
Update count
T,er=10 kPa
£7=0.05,w=0.2
initial
T,er=40 kPa i
£7=0.1,w=0.05

#100

P, [mmHg] T,..r=10 kPa

S





OPS/images/fphys-11-00467-g011.jpg
B
X T
i — LVP opt. i
Titosl —LVPart. 100 .oyl
T+ 100 & SEl
E [ -==LWV opt. E E |
E [ S -=-LW art. 80, E |
[} L N ] E o I
5 50 A 3 5504 1
@ A~ 108 3 | I
o A | o ]
[ A R s ot o S—
----- It .t 1
00 0.|1 0f2 0.3 0.4 Oéo 910 60 80 100
Time [s] Volume [ml]
c Active tension D Fiber shortening velocity
0 80 [kPa] 15
EE O .

0
[ ]
Time=0.07 s Time=0.15 s Time=0.07 s Time=0.15s






OPS/images/fphys-11-00467-g010.jpg
Initial

Final

4 Fiber z-component

-10 06 0 05 10
[ R





