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Summary
Heart disease is the leading cause of death in the developed world and an increasing problem 
in developing nations.  Heart failure accounts for a majority of those affected by heart disease 
with a high likelihood of death. Death most often results from cardiac arrhythmia that disrupts 
the normal pumping of blood.  Cardiac arrhythmia is the abnormal spread of depolarization 
through the cells the form the heart.  However, the mechanisms behind the initiation of the 
fatal arrhythmia is yet unknown.  Multi-scale GPU-enabled simulation is essential for the 
endeavor.   Using our advanced “Ultra-fast Monte Carlo Algorithm” implemented on the 
NVIDIA GPUs (Fermi) we achieve a greater than 15000-fold speed up over previous modeling 
efforts on CPU alone.  Kepler (K20) allows an additional factor of 2x speed up.  Through this 
implementation, we show how stochastic molecular events can trigger a cardiac arrhythmia 
using a hierarchy of cellular and tissue models to describe the individual proteins, the heart 
muscle cell and the geometry of the heart.  Central to this is the understanding of cardiac 
calcium dynamics.  To this end, we have developed a rat ventricular myocyte model based 
upon molecular behavior that simulates the calcium sparks, the elementary event in cardiac 
calcium release. We have used this model to explain calcium homeostatic mechanisms and 
how these can change during heart failure.  We have integrated the myocyte model into a 
tissue model to understand how defective calcium dynamics leads to the electrical 
depolarization of the myocyte and those around it to cause the generation of an arrhythmia.  
During heart failure the expression of genes involved in calcium regulation are altered.  The 
model shows how these changes can result in aberrant calcium release and how this can result 
in the likelihood of abnormal excitation of a heart muscle cell.  The model suggests that a 
relatively small number of cells can trigger an arrhythmia under heart failure conditions and 
that the underlying geometry of the heart plays a crucial role in arrhythmia generation.  
Furthermore, we solve the question of how a small number of cells can overcome the built-in 
safety mechanisms of the heart to cause a propagating arrhythmia. This overcomes a 
conceptual road block that has existed in the field.  These models are currently being applied 
to extend our understanding how the genetic mutations of calcium regulatory proteins make 
individuals susceptible to possible fatal cardiac arrhythmia.  It is hoped that by understanding 
the molecular mechanisms behind cardiac arrhythmia, viable drug targets can be identified so 
that therapeutic agents can be developed to treat the arrhythmia.

Model

This benchmark was achieved by algorithmic and GPU usage were computed with 10,000 
release units each with 50 ryanodine receptors for 1 second physiological simulation time 
on a HP Z800 workstation equipped with a NVIDIA C1060 GPU.

Method Traditional Monte 
Carlo On CPU

Ultra-fast Monte Carlo 
On CPU

Ultra-fast Monte 
Carlo On GPU

Runtime 11000 min 20 min 45 sec

Speedup 1x 550x 15000x

A hierarchy of models has been used in 
these studies that include both 
compartmental (A) and spatial (B) 
stochastic models.  Both models 
contain 20,000 stochastic calcium 
release site each containing 49 
ryanodine receptors and 7 L-type 
calcium channels in diadic subspace 
between the t-tubule and the 
sarcoplasmic reticulum (SR).  Calcium 
is  buffered  calmodulin, the 
moyfilaments and other buffers.  
Calcium is extruded from the cell 
mainly by the sodium-calcium and re-
sequestered into the SR by the SERCA 
pump.  In the compartment model (A) 
these subspaces all communicate with 
the bulk myoplasm and the junction SR 
is refilled by a bulk network SR.  In the 
3D spatial model (B) the release sites 
are distributed along the Z-lines and 
calcium diffuse throughout the cell in 
myoplasm and the network SR.
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Arrhythmia Initiation Sites

Calcium sparks only account for  part of the calcium leak 
from the SR.  The remaining leak is termed invisible. The 
model suggests that in calcium sparks almost all the 
channels in the release site open (bottom left).  However, 
there are openings of less than 6 channels termed quarks 
that do not result in a spark and are not visualized with 
current experimental methods (top left). Furthermore, the 
model suggests that the invisible leak come from such 
opening.  No other model has this high degree of resolution 
or detail to discover this result.

During heart failure cardiac myocytes undergo gene expression changes (HF) as well as structural remodeling 
shown by super resolution imaging which we term orphaning as release sites get pulled away from the t-tubular 
membrane.  We examine the relative effects of these changes.  Orphaning contribute further prolongs the action 
potential (A).  Underlying this prolongation is a prolonged calcium transient (B) that activated the depolarizing 
(negative) sodium calcium exchange current (C).

The model suggests that the SR 
calcium release fluxes via the 
ryanodine receptor (A) has a late 
component brought about by 
orphaning during the beat 
(systole).  After the beat (diastole), 
there is increased SR calcium leak  
(B) with the gene expression 
changes (HF) that is increased 
further with orphaning.  The 
integrated ryanodine receptor 
fluxes are shown in (C) further 
demonstrates these changes. The 
late release component and 
increase leak are considered to be 
pro-arrhythmic. Hence the model 
shows for the first time the role of 
remodeling of the micro-
architecture on cardiac function.
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Simulated calcium overload produces increased calcium spark activity (top) that coalesce to form propagating 
calcium waves similar to experiment and the accompanying SR depletion transients and waves.  This is the first 
model of cardiac calcium waves that produces repetitive calcium waves under calcium overload.  

Other modeling studies have suggested that 
in order to initiate an arrhythmia, ~800,000 
cells must depolarize to overcome the 
electrotonic load of the heart.  However, with
this more realistic model the numbers are 
much reduced.  Under heart failure 
conditions, the trigger of calcium release in 
45% of the release sites results in a 
propagating wave of depolarization (B).
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Only a relatively small number of cells 
need to initiate an arrhythmia.  It is easier 
to initiate an arrhythmia in 1D than 3D. 

Even several hundred cells seems a large number to generate an arrhythmia.  The heart has many 
fine structures such as Purkinje fibers and trabeculae (lining the chambers of the heart) that are 
in effect 1D structures (A).  We use simulated trabecula that interfaces with the heart wall.  
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Simulations of a trabecula connected to the heart wall indicate that only 12 cells are needed to 
initiate an arrhythmia.  This suggests a novel mechanism of cardiac arrhythmia that both 
realistic and plausible.

Conclusions
The model suggest novel mechanisms for following: 1) the SR calcium leak, 2) the role of 
structural rearrangements during heart failure, 3) calcium waves, and 4) the initiation of an 
arrhythmia.
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