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プレゼンテーションのノート
At the start of K-computer project, we got a chance to use the whole system to compute one and half beats of multiscale heart simulation, in which the three levels (heart-cell-contractile proteins) were modeled and coupled. 
Along with the heart muscle, its interaction with the coronary circulation was also simulated. 
In each micro scale model, the sarcomere dynamics involving 160 motor proteins were simulated. 
Here, the Monte Carlo model was applied to simulate the stochastic behavior of each motor protein. 
The distinct sarcomere models were imbedded into 5K myofibril elements in one mesoscale finite element heart cell model. 
The distinct cell models were imbedded into 600K tetrahedral elements in the macroscale finite element ventricle model. 
Here, each cell model was assigned to one core of K-computer. Thus, no communication and synchronization were required up to the mesoscale. 
In this application, the degrees of freedom of each cell was 50K for which the non-linear system was solved with the Newton-Raphson iterations. 
Because the most of floating point operations were occupied by the sparse LU factorization in this phase among all the computational works and the communication overhead was relatively small, we have achieved 2.7 Peta flops which was nearly 30% of peak. 


“Conventional Multiscale Approach
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Though such a quite huge computation is unrealistic for daily simulations, the developed computational techniques and models, have been applied to the practical clinical applications later on by skipping the mesoscale heart cell model. 
, and imbedding the sarcomere models directly into the tetrahedral elements in the macro heart model. 
Here, the strain in the fiber orientation is sent from the macro to the micro scale. 
And it is reflected to the sarcomere length change. 
As shown in the lower animation, the filament sliding changes the mechanical loads of binding motor proteins, thereby affects the lever arm swing and the detachment. 
In this way, the macroscopic muscle motion affects the behaviors of motor proteins. 
On the other hand, the total contraction force generated by the motor proteins inside the sarcomere model is sent from the micro to the macro. 
And it is used  to determine the macroscopic active stress tensor which drives the muscle motion. 
In usual approach, the contraction force may be computed by a mean field approximation in which the averaged behavior of motor proteins is modeled by some kind of ordinary differential equations. 
However, in my opinion, such approaches necessarily fail to reproduce the quick relaxation of cardiac muscle for which certain cooperativities of motor proteins inside the sarcomere are essential. 
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Here is one example of our clinical applications. This is the prediction of post-operation for a congenital heart disease. 
In this patient, there is a hole in the septum which must separate the right and left ventricles. 
And the aorta is connected with the right ventricle instead of the left ventricle. 
Thus the mixture of arterial and venous bloods is sent to the aorta through the right ventricle. And the right ventricle is forced to work under extreme high pressure than usual. 
Here, we have computed the effect of artificial blood vessel which runs from the hole to the aorta. 
We see that the right ventricle blood pressure is reduced to the normal value and the energy consumption is also reduced. 
These energy consumptions are computed by counting the detachment events from the rigor state of the motor proteins inside the sarcomere model. 
Thus the accuracy of motor protein model is important not only for evaluating the active stress, but also for evaluating the energy consumption.
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These experiences using the Monte Carlo models reminded us the importance of modeling further details of motor proteins to compute more realistic movements of muscle and more precise energy consumption. Therefore, in Post-K computer project, we are developing the detailed three dimensional molecular models and the computational method to couple these models with the continuum mechanics. 
The first research direction is applying a super coarse grained motor protein model and arranging them in the three dimensional sarcomere model. �Here, for the lever arm swing, a potential with three wells is applied. Instead of load dependent state transition in the Monte Carlo approach, the heights of barriers and the depths of wells directly determine the behavior of lever arm swing.
In this animation, the spontaneous oscillation reproduced by our model is shown. The quick relation is realized by the avalanche of reverse power strokes. 
I think that this avalanche phenomenon is one of important cooperative factors of the motor protein to realize quick relaxation of the cardiac muscle. 
The second research direction is a more detailed motor protein model using the molecular dynamic code Cafemol developed by Takada lab, Kyoto University. 
We expect that we can analyze the relationships between the heart diseases and the genetic mutations of contractile proteins by taking this approach. 
Currently, we are applying the switching strategy of potentials for the state transitions. The switching is determined stochastically based on the deformation in the nucleotide binding site in the head region. 
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This is a simplified beating heart model in which Cafemol is coupled with the finite element ring model. 
This model represents well the relationship between the blood ejection of the heart and the dynamics of motor proteins. 
The macroscale ring model consists of six hexahedral elements. In each element, the filament is arranged in the circumferential direction and the ends of thin filaments are connected at the element boundaries. 
In the contraction phase, the thin filaments slide to the center by the cross-bridge cycling of motor proteins, thus the element shrinks, and the transmural width increases due to the incompressibility. 
This muscle movement effectively pushing blood inward. 
In the contraction phase, the high blood pressure inside the ring is supported by the strong contraction forces which are almost equal through all the elements. 
Thus the difference of protein motor activities between the elements is compensated by changing the lengths in the circumferential direction. 
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The plot here shows the time course of filament sliding distance to the center in the contraction phase. 
It increases gradually, but many small back steps are involved in the curve. 
In this animation, the colors of rod indicate the pulling force. The red is positive force contributing the contraction. The blue is negative force hampering it. 
In usual crossbridge cycle, the positive force is generated after the lever arm swing, and it is gradually eliminated with the increase of sliding distance. 
However, the back steps increase the load of motor proteins momentarily, thus give stimulations which are not given in the case of smooth monotone one-way sliding. 
In this sense, such a computational model may give opportunity to observe behaviors of motor proteins in natural physiological condition in a beating heart. 
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Here, we focus on the behavior of one motor protein. 
In the upper panel, the lever arm swing distance is shown by the black line and the state transitions are shown by the red line. 
In the middle panel, the contraction force is shown. In the shaded two cycles, this protein motor fails to generate the positive contraction force.  This means that these crossbridge cycles fail to make positive contributions. 
In the lower panel, the two distances of points in the nucleotide binding site are plotted to see the correlation between the successfulness of the cycle and the deformation in this region which is marked by red in this animation.



Verification of Pocket Deformation Feedback Model
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In fact, if we plot the contour of deformations for the successful cycles with red and the unsuccessful cycles with blue for all the motor proteins contained in the ring model, we see that the unsuccessful cycles show larger population in this shaded region. 
Therefore, we tested the numerical motor protein model in which the reversal transition rate was magnified by factor 10 for the motor proteins in this region, intending to facilitate restarting the cycle for these groups. 



Verification of Pocket Deformation Feedback Model
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The simulation results show that the feedback mechanism increases blood ejection by 3% along with 10% reduction of energy consumption. 
Of course this is just an initial step for the very difficult challenge. And I have to admit that our molecular model is still primitive. 
However, through such an experience, I was made to realize the importance to analyze the collective behavior of motor proteins under the condition which is made by themselves. 
The platform developed here enables us to perform such research. 


Coupling technique : Efficiency & Stability
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Finally, I will introduce briefly about our numerical strategy of the multiscale coupling focusing on its efficiency and stability. 
In our implementation, we adopted the multiple time step strategy in which plural microscale time steps are performed within one macroscale time step. 
If we can take a quite large number of micro time steps within one macro time step, we can hide the overhead required for the communication and the macroscale computation. 
In case of the ring model, the overhead becomes almost negligible when we perform one thousand micro steps within one macro step. 
However, for such an aggressive coupling, a simple explicit data exchange between the scales is usually unstable, because it misses the dominant macroscopic stiffness originated from the binding motor proteins. 




Coupling technique : Efficiency & Stability

1. Reduction of communication overheads by the multiple time step method
2. Stability by taking the active stiffness
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Namely, we have to take the stiffness given by the binding motor proteins into account in the macroscale Newton Raphson iterations. 
To do so, along with the time-averaged contraction force, we also send the time-averated associated stiffness “K” to the macro scale. 
And we redefine the macro scale contraction force by taking also this stiffness. 



Coupling technique : Efficiency & Stability

1. Reduction of communication overheads by the multiple time step method

2. Stability by taking the active stiffness
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Here, in the upper panel, the time courses of strain in the fiber direction are compared. 
The black line is obtained by the single time step coupling method where the micro-macro communication was performed in every micro time step. 
The red line shows the result obtained by our multiple time step strategy, while the highly oscillating blue line shows the result obtained by the simple coupling strategy without considering the stiffness generated by the microscale model. 
This result shows the importance of capturing dominant stiffness given by the micro scale model when we take the multiple time step strategy. 


Concluding Remarks
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In this talk, I show a multiscale platform that enables us to analyze the stochastic dynamics of motor proteins under the condition: 
that is generated by the protein motors themselves, 
and that can’t be made from artificial boundary conditions. 
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