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a b s t r a c t

In many practically important cases, wave propagation described by the reaction-diffusion equation
initiates deformation of the medium. Mathematically, such processes are described by coupled reaction-
diffusion-mechanics (RDM) systems. RDM systemswere recently used to study the effects of deformation
on wave propagation in cardiac tissue, so called mechano-electrical feedback (MEF). In this article, we
review the results of some of these studies, in particular those relating to the effects of deformation
on pacemaker activity and spiral wave dynamics in the heart. We also provide brief descriptions of the
numerical methods used, and the underlying cardiac physiology.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Reaction-diffusion (RD) equations describe a wide variety
of non-linear systems in physics, chemistry and biology. They
describe non-linear wave patterns in the Belousov–Zhabotinsky
(BZ) chemical reaction [1], in the processes of morphogenesis of
the mould Dictyostelium discoideum (Dd) [2], of electrical activity
in cardiac tissue [3], and in many other biological systems. More
information about reaction-diffusion systems can be found in
[4,5]. Propagation of non-linear waves is usually accompanied by
other important processes. One of the most fundamental is the
mechanical deformation of the medium. In the human heart, non-
linear electrical waves propagate through the cardiac tissue and
initiate cardiac contraction. In turn, mechanical deformation also
affects the electrical waves of the heart. This sets up a complex
system of feedback between both of these processes, and is known
as mechano-electrical feedback (MEF) [6–8]. In this article, we
review modeling approaches used to study MEF using coupled
reaction-diffusion-mechanics systems.We start with a description
of the physiological basis of cardiac excitation, contraction and
MEF. We then outline the modeling approach and its numerical
implementation, and present results on the effects of MEF on the
initiation of ectopic beats, pacemaking activity, and spiral wave
dynamics in the heart. We limit our studies to wave dynamics in
two dimensions. Review articles discussing other aspects of MEF
can be found in [9–11].
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Biophysics of cardiac excitation and contraction. Cardiac contraction
is initiated by the propagation of electrical waves. The waves
are a result of timed excitation of billions of cardiac cells
(myocytes), which are electrically coupled together via conducting
gap junctions.
Electrical activation of a cardiac cell is a sudden change of its

transmembrane potential, from the resting state (around−90mV),
to an excited state (around +10 mV). This change of transmem-
brane potential occurs as a result of several transmembrane cur-
rents carried by various ions (Na+, K+, Ca2+, Cl−, etc.) across the
cell membrane. These currents can be subdivided into two large
groups: inward currents, which depolarize (excite) cardiac cells,
and outward currents, which repolarize the membrane to its rest-
ing state. The inward currents are carried mainly by Na+ and Ca2+
ions, and the outward current are mainly carried by K+ ions. Ex-
citation of the cell occurs if the transmembrane potential exceeds
the threshold value (approximately−60mV). After that the inward
Na+ current is activated and brings the membrane potential to its
fully activated state of around 10 mV. After depolarization, a repo-
larization phase follows, in which the membrane potential slowly
recovers to its resting membrane potential due to inactivation of
Na+ current and activation of the outward K+ currents. The time-
course of excitation of a cardiac cell and themain inward (negative)
and outward (positive) currents involved are schematically shown
in Fig. 1.
If a cell becomes excited (depolarized), current from this cell

propagates to neighboring cells via the gap junctions,which in turn
cause neighboring cells to depolarize. As soon as the threshold
value of the transmembrane potential is reached, these cells also
become excited and in a similar way transmit excitation to their
neighbors. This results in a propagating wave of excitation.
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Fig. 1. (A) Schematic overview of inward and outward ion currents across the surface cell membrane. (B) Schematic time plot of currents during the action potential phase.
Excitation of the heart initiates cardiac contraction in the fol-
lowing way. During depolarization, a small amount of calcium
ions flows into the cell through the calcium channels. This cal-
cium current causes a subsequent release of a larger quantity of
calcium stored within specialized cellular compartments called
the sacroplasmatic reticulum. This increases the calcium concen-
tration initiates contraction of the heart via calcium mediated
conformational changes in contractile proteins (troponin-C, actin,
myosin) [8]. Initiation of contraction via excitation is called electro-
mechanical (or excitation–contraction) coupling.
There is also a feedback effect of contraction on excitation of

cardiac cells, which is known as mechano-electrical feedback. The
main physiological mechanism underpinning this is believed to
be mechano-sensitive ion channels, such as the stretch activated
channels (SAC), which have been identified in cardiac cells
[12,13]. In response to cell stretch, these channels produce
an inward current [8] which as we discussed above, tends to
depolarize the cell and in some cases can even initiate cardiac
excitation. Franz et al. [14] showed that mechanical stimulation of
the heart induced by periodic expansion of a balloon placed into
the heart ventricle results in the induction of electrical excitation
(see Fig. 2). A subsequent study by Hansen et al. [15] confirmed
that these excitations were caused by the depolarizing current of
the SAC.
It is also believed that SAC play a role duringmechanical impact

to the chest, which may be either lethal or life saving. It is known
that a sudden precordial impact of a small object into the chest
can cause Commotio Cordis [16]: an arrhythmia which is lethal.
Alternatively, a strong impact using the human fist on the chest
during a cardiac arrhythmia (precordial thump), may terminate a
cardiac arrhythmia. Both effects are believed to have a feedback on
excitationmainly via stretch and SAC and are discussed in [16–21].

2. Modeling reaction-diffusion-mechanics

Modeling electrical activity. Electrical activity of the heart can be
described by a system of reaction-diffusion (RD) equations and has
been reviewed previously (see for example [5,22,23]). A standard
monodomain model for cardiac tissue is given below.

C
∂V
∂t
= ∇ · (D∇V )+ Im(V , gi)

dgi
dt
= φ(gi, V ).

(1)

The first equation describes changes of the transmembrane
potential V on the cell membrane (with capacitance C) as a result
of inward and outward transmembrane ionic currents Im, and
currents between adjacent cardiac cells∇ · (D∇V ), where D is the
conductivity tensor that accounts for the electrical anisotropy of
cardiac tissue. For details and derivation of this equation see [5].
The ionic current Im is a sum of all currents that flow across
the cardiac membrane (see Fig. 1) (e.g. Im = INa + ICa + IK +
· · ·). Each of these currents depend on other variables, which are
called gating variables gi and account for experimentallymeasured
activation and inactivation kinetics of that specific current. There
are many different types of models available for cardiac cells,
which differ in complexity and details on the representation
of ionic currents Im. The first biophysical or ionic models were
developed by Hodgkin–Huxley (for nerve cells) [24] and Noble
(for cardiac cells) [25], and describe individual ion currents across
the cell membrane based on detailed experimental observations.
Modern ionic models in addition to ionic currents also describe
concentration changes of the major ions involved. These models
produce accurate properties of the cardiac action potential such
as action potential shape, refractoriness, rate dependence, and
describe the various detailed biophysicalmechanisms of excitation
that occur due to different dynamics of ion channels. Thesemodels
often contain many ODEs (10–100) and can be computationally
intensive. Ionic models can be used to study detailed quantitative
effects of ion channels, e.g. drug applications, genetic disorders,
etc. Some examples of these models are [26–28]. More simple
phenomenological models describe basic macroscopic properties
of cardiac tissue such as shape, refractoriness, etc. These models
contain fewer ODEs (<4) and can be used to study more general
qualitative effects. Some examples of these models are [29–32].
Modeling mechanical deformation. Cardiac cells change their length
by up to 15% [33] during cardiac contraction. In order to model
deformation, finite deformation elasticity theory should be applied
to describe the kinematics of deformation and stress equilibrium
and model the relationship between stress and strain.
Equations that describe finite deformation elasticity arise from

the conservation of linear momentum following Newton’s law of
motion [34]. For static stress equilibrium in the absence of body
forces, the governing equations expressed in terms of the second
Piola–Kirchhoff stress components TMN regarding mechanics are
described by:

∂

∂XM

(
TMN

∂xj
∂XN

)
= 0 (2)

where, xm is the deformed space, and Xm the undeformed
space. The second Piola–Kirchhoff stress tensor describes material
behavior independent of rigid body rotation and contains passive
(Tp) and active stress (Ta) components described by:

TMN = TpMN(E)+ TaMN(E, Va) (3)

where, E is the Green-Lagrange deformation tensor, that accounts
for mechanical deformation and Va is a function that controls the
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Fig. 2. Mechanically induced ectopic (abnormal) excitation in a Langendorff perfused rabbit heart (i.e. the aorta is cannulated and the heart is maintained by perfusion with
an oxygen and nutrient rich solution). Monophasic action potential (MAP) (top) and changes in left ventricular volume (LVP) (bottom). Once a critical volume (i.e. stretch) is
reached, an action potential is triggered. Published with permission from [14].
amplitude, delay and recovery of the active sress [35,36]. Pas-
sive properties are described by (non-linear) constitutive relations,
which are determined by experimental models. Experimental ev-
idence has shown that cardiac tissue exhibits different responses
along various material axes [37], and this has important implica-
tions for both cardiac mechanics [38] and electrical activation in
myocardial tissue [39]. Active properties (i.e., contraction) are re-
lated to the intracellular calcium concentration, which is typically
one of the variables of the RDmodel (see Niederer et al. [40] for an
extensive model description).
Modeling mechano-electrical feedback. Mechanical deformation
affects the electrical properties in various ways: first, the coor-
dinate system is changed during deformation thereby affecting
diffusion properties; second, passive electrical properties such as
capacitance and diffusion may change during deformation and
third, ionic currents, such as SAC are affected by deformation. The
effects of deformation (E) on the RD equation is schematically
shown in Eq. (4):

C(E)
∂V
∂t
= ∇ · (D(E)∇V )+ I(V , E). (4)

In [41,38,35,36] a modeling framework for MEF has been
introduced. In Eq. (4) the system does not move. However,
contraction of the coordinate system also affects the metric tensor
of the coordinate system, which becomes curvilinear. Due to
motion of the material coordinate system, we use a general
curvilinear expression that is corrected for the deformation of the
local area, to evaluate the Laplacian in Eq. (4). This is described in
Eq. (5):

∇ · (∇V) =
∂

∂XM

(
√
gg−1MN

∂V
∂XN

)
(5)

where, gMN = {
∂xk
∂XM

∂xk
∂XN
} is the covariant metric tensor of the

coordinate system, (which is directly related to the Green Lagrange
deformation tensor E [34]); and g is the determinant of the metric
tensor which accounts for local deformation.
The effect of contraction on the ionic current (SAC) has been

investigated in several studies [42,43,18,36]. SAC have quite simple
properties compared to other ionic channels. Their conductivity
is time independent and only affected by stretch of the cardiac
membrane and the experimentally measured current–voltage
relationship for the SAC is almost linear (see Fig. 3a) [44].
Furthermore, the conductivity of the SAC is dependent on the cell’s
sarcomere length (SL) [44] and can also be approximated by a linear
function (see Fig. 3b). This resulted in the following expression for
SAC current, that was introduced in [42,43,18] and modified for
strain dependency [36]:

ISAC = GSAC(
√
g − 1)(V − ESAC) (6)

where, GSAC and ESAC are the conductance and reversal potential
for the SAC, respectively. Furthermore, it is widely believed that
the current through the SAC occurs mainly during stretch and
thus it is assumed that the current in Eq. (6) is only present if
√
g > 1. Adding Eq. (6) to the right hand side of Eq. (4) provides a
description of the direct effect of stretch on themembrane current.
Numerical formulation. To solve the RDM model Nash and
Panfilov [35] introduced a hybridmethod inwhich an explicit Euler
scheme was used for the RD system, with nonlinear finite element
techniques for the large deformation mechanics. The solution
procedure is described below.
After N time integration steps (a value of 3 was used in [36])

for solving the RD equations (Eq. (4)), the equations governing
tissue mechanics are solved (Eqs. (2) and (3)), using active stress
components produced by the variable Va of the RD equations.
Non-linear Newton iterations are performed to solve the stress
equilibrium equations (Eq. (2)) and provide updated values of
the Green-Lagrange deformation tensor, which modulate the
excitation properties via Eqs. (4) and (6) for the subsequent
N excitation time-steps. A detailed description of the solution
procedure is given in [35,45].
Recently, a more extensive mathematical analysis involving

numerical issues of soft tissue modeling on coupled electric-
mechano systems was published in [46]. They showed in a
more detailed numerical analysis that in some cases a more
accurate integration scheme should be used to enforce stability of
coupled reaction diffusionmechanics systems. This topic definitely
requires more attention in the future for both stability issues and
numerical efficiency.

3. Reaction-diffusion mechanics without SAC

One of the first studies regarding RDM were performed by
Nash and Panfilov [35]. They used the Aliev–Panfilovmodel [31] to
describe membrane kinetics for cardiac tissue. Material properties
were given by Mooney–Rivlin material law [47] to describe
mechanical isotropic material behavior. To couple the reaction-
diffusion system with the mechanical part Nash and Panfilov [35]
introduced an additional equation for active tension that described
qualitatively consistent timing and amplitude of cardiac tissue
contraction. The formulation did not include SAC nor the effects of
mechanics on passive properties, and thus the only effects studied
were the direct geometric effects of tissue deformation on wave
propagation.
Nash and Panfilov investigated electromechanical activity

following a point stimulus at the center of the tissue and compared
this with the activity from a rotating spiral in the center of
the tissue. They found that for the central location the overall
mechanical deformation caused by a centrally located rotating
spiral wave was an order of magnitude less than that of periodic
radial waves, but deformations became comparable for non-
central locations. They also studied the effects of MEF on spiral
wave rotation. They found that spiral waves with MEF had a
larger variation of periods compared to spiral wave periods in
the non-contracting model and that the mean spiral wave period
during contraction was slightly increased. They also found that in
the absence of mechanical deformation spirals had a stationary
circular meandering pattern, whereas with MEF spiral wave
meandering was non-stationary and drifted along the boundary
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Fig. 3. (A) SAC current–voltage relationship normalized to cell capacitance [44]. (B) Linear regression of % change in SL vs. current density. Reprinted with permission
from [44].
of the medium. The magnitude of these effects are small and
no significant effect of MEF on spiral wave breakup was found.
However, the effects of SAC on MEF was not investigated in that
study.

4. Reaction-diffusion mechanics with SAC

In this section we review the effects of SAC on electrophysi-
ological properties of cells and the effects of SAC on 1D and 2D
wave propagation, which were studied using various modeling
approaches and using various models of cardiac tissue.
The effects of SAC on electrophysiological properties. During stretch,
SAC produce an inward currentwhich tends to depolarize a cardiac
cell and has various effects on electrophysiological properties.
The effects of a constant, time independent current via SAC on
general electrophysiological properties was studied by Trayanova
et al. [43]. The model did not include active contraction and the
effect of SAC was studied using only a RD model. With reference
to Fig. 4, the paper [43] reports the following effects of SAC (for
GSAC = 30 µS/µF and ESAC = −20 mV): (1) A slight decrease
of resting membrane potentials (around −75 mV vs. −85 mV).
(2) Elongation of the action potential for short cycle lengths (CL)
(i.e., for a CL of 100ms action potential duration is around 82ms vs.
77 ms). (3) A slight flattening of the restitution curve. (4) A slight
increase of the effective refractory period (up to 1–2 ms). (5) An
increase of conduction velocity andwavelength for cycle lengths is
longer than 115 ms, and a decrease for cycle lengths smaller than
115 ms. (6) An increase in the activation threshold. These findings
reported by Trayanova et al. [43] are broadly consistent to those
reported experimentally in [48–50].
Other studies [42,51] have shown that in extreme cases the

current through SAC can prevent formation action potentials. This
occurs as a result of the accommodation affect, in which the
threshold of activation increases due to a slower depolarizing
current [52,24]. This has also been reported in experiments [24].
Possible consequences of accommodation for wave propagation in
cardiac tissue were studied by Biktashev et al. [53]. As we point
out below, such blocks of propagation can cause breakup of spiral
waves.
Studies have also investigated the effects of SAC on the action

potential. Different responses are possible, which are determined
by the timing of the stretch and the magnitude of ISAC generated.
If stretch is applied during the plateau (excitation) phase of the
action potential, it will change the time course of repolarization,
which leads to either shortening or lengthening of the action
potential. This change in duration depends on the value of ESAC
and the magnitude of the transmembrane potential during the
plateauphase; ISAC can be either an outward or inward current. This
also has been reported in both experimental [44,54] and modeling
studies [43,19,55]. If SAC are activated when the cell is already
repolarized, SAC may result in either a prolonged excitatory phase
or a new action potential [43,36,55] (see Fig. 4).
Pacemakers. The idea of action potentials induced by SAC was
further investigated in [36,45] where it was shown that in some
conditions electrical waves can induce stretch of cardiac tissue,
which in turn may be sufficient to initiate a new action potential
resulting in the onset of periodical pacemaker activity. Panfilov
et al. [36,45], used an Aliev–Panfilov [31] model to describe
membrane kinetics, which was modified to describe SAC in
accordance with Eq. (6). Fig. 5 shows wave propagation after
application of a single stimulus at the center of a 2D medium,
with and without mechanical activity. We see that without
mechanics the initialwave vanished,whilewithmechanics a stable
pacemaker sets up at the center of the medium. The mechanism of
pacemaker activity here is simple and related to depolarization of
tissue by the SAC. With reference to Fig. 5, we observed stretch at
the center of the medium after the wave had traveled away from
the center. This stretch resulted in an inward current via SAC and
depolarized the resting tissue at the center, which resulted in the
onset of subsequent periodic activations [36].
It was also shown that pacemaker activity occurred at locations

pre-determined by the medium size, its electrical and mechanical
properties and that the location of a pacemaker slowly drifts until
it reaches a stationary position. Fig. 5 shows an comprehensive
picture of pacemaker drift fromdifferent initial conditions to stable
attractors for one set of parameter values. Further details on the
effect of medium size on this process can be found in [36]. It was
also shown in [45] that in a heterogeneous medium containing
a gradient of excitability, pacemakers drift to the region with
lower period values. Furthermore, mechanical deformation not
only induces pacemakers but also has a pronounced effect on
the spatial organization of excitation patterns (see Fig. 6) [45].
Paper [45] also reports on the interaction of multiple pacemakers.
For example, for one parameter set multiple pacemakers were
shown to drift toward each other and merge to form one stable
pacemaker at the center of the tissue (see Fig. 6) [45].
Note that these studies were performed in simplified models

of cardiac tissue and it remains to be determined whether
these effects will be present using ionic models, as well as in
experiments. Recently, itwas shown in neonatal rat ventricular cell
cultures that calcium overload can lead to pacemaker activity and
that in some cases pacemakers drift throughout the medium [56].
Mechanisms of this drift require further investigations.
Drift of spirals. In the previous section, we discussed drift of spiral
waves due to mechanical deformation in the absence of SAC [35].
A more recent article [51] studied the effects of mechanical
deformation and SAC on spiral wave behavior. For this study, a
different RD model was used: a modified version of the three
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Fig. 4. Left: Effects of mechanical impact action on mechano-sensitive channels on AP shape during a critical time window. Reprinted with permission from [17].
Right: Basic electrophysiological properties with (triangles) and without SAC (stars). (A) Resting membrane potential. (B) Action potential duration at the level of 90%
repolarization (APD90). (C) Effective refractory period (ERP). (D) Transmembrane potential at the end of ERP. (E) Conduction velocity (CV). (F) Wavelength (ERP × CV).
Reprinted with permission from [43].
Fig. 5. (A) Development of pacemaker activity due to mechanics. (B) Time course of the excitation variable (solid line) and dilatation (
√
g − 1) (dashed line). (C) Drift of

pacemakers from different initial conditions. Reprinted with permission from [36].
variable Fenton–Karmamodel [32],which contains amore detailed
description of the sodium current in comparison to the previous
used Aliev–Panfilov model. In this model, SAC were modeled
using Eq. (6). Panfilov et al. [51] showed that in the presence of
mechanical deformation, the spiral wave drifted to the center of
the medium, which was an attractor of this system independent
of the initial starting position (see Fig. 7A). After arriving at the
attractor, the tip of the spiral wave underwent a bi-periodic hypo-
cycloidalmotion. The drift was primarily due to the SAC.When SAC
were removed from themodel (i.e. themodel had only geometrical
feedback as in [35]), the spiral wave drift was still present, but the
tip was no longer directed to the stable attractor in the center of
the tissue. Instead, it drifted along the boundary. Drift velocity was
also much smaller. When ISAC alone was used (i.e., no geometrical
feedback), drift and meander to the center of the medium were
observed in away similar to Fig. 7A. Itwas also shown that different
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Fig. 6. Top: Drift of a single pacemaker. Bottom: Interaction and drift of multiple pacemakers. Reprinted with permission from [45].
medium sizes did not affect the position of the stable attractor, but
did affect the drift velocity.
As suggested in [51], spiral wave drift is induced by a periodic

modulation of the properties of the medium due to contraction.
This mechanism is similar to the resonant drift mechanism of
spiral waves and has been studied in [57,58]. In particular, it was
shown in [57,58] that if the properties of the excitable medium
are changed periodically, this results in the onset of spiral wave
meander. If this period is close to the period of the spiral wave,
then spiral wave drift is observed. In our case, contraction induced
by a rotating spiral provides such a periodical modulation with a
period equal to that of the spiral wave. Thus spiral wave drift is
expected. Resonant drift of spirals have been observed in detailed
ionic models of cardiac tissue [59,60] and in BZ experiments [58].
Breakup of spirals. The study ofNash andPanfilov [35] did not report
any effects of mechanical deformation on spiral wave breakup.
However, the subsequent study of Panfilov et al. [51], which
included SAC and a different description of the RDmodel, reported
that mechanical deformation can induce breakup of spiral waves.
Fig. 7B shows a typical pattern of mechanically induced breakup
using a three variable Fenton–Karma model [32]. Here, we see
that after a few rotations, the initial spiral wave blocked at certain
positions, which caused the spiral to breakup into fragmented
spirals. Mechanically induced spiral breakup was due to the SAC.
When SACwere removed (i.e., leaving just the geometry feedback),
the spiral remained stable and did not break up. On the other hand,
when only ISAC was used (with no geometrical feedback), the spiral
wave broke-up.
Spiral wave fragmentation was shown to occur due the

accommodation effect of the SAC. The sodium current is the
main determinant in the generation of a new action potential,
and its magnitude is proportional to the product of the sodium
activation and inactivation gates, which are time and voltage
dependent. If at any time there is a voltage difference between
two neighboring cells (e.g., if one cell is excited and the other
cell remains in its resting state), then ion current flows from
one cell to the other via the gap junctions and slowly raises the
membrane potential. When the threshold value (approximately
−60 mV) is reached, the inward sodium current is activated and a
new action potential is generated, which in turn activates the next
neighboring cell. However, due to the accommodation effect, SAC
have already slowly depolarized the tissue (before any neighboring
cell is excited) thereby effecting the inactivation kinetics of the
sodiumchannel. Thus,when a fully excited neighboring cell tries to
depolarize this cell via the gap junctions (which is a faster process
compared to the SAC), the sodium current cannot be activated,
because the inactivation gates are already closed due to the slow
rising potential of the SAC. This is shown in Fig. 7C by the black
arrow. A similar mechanism was reported in [61] for a 1D setup
using amore accurate ionicmodel of cardiac tissue (Courtemanche
Fig. 7. Spiral drift and breakup caused by mechanical activity. See text for
explanation. (A) Drift of spirals from different initial conditions. (B) Spiral wave
breakup due to accommodation effect. (C) Time course of the excitation variable
and the sodium current measured in the black square of Figure B. The black arrow
denotes the point in which the SAC blocks the sodium current. Modified from [51].

model [27]). Inactivation of the sodium current has also been
observed in experiments [24].
Inducing spiral waves by mechanical stimulation (Commotio Cordis).
Induction of spiral waves by mechanical stimulation has been
studied in order to understand possible mechanisms of the
initiation of ventricular arrhythmias after a mechanical impact
(Commotio Cordis). Using 2D modeling, Garny and Kohl [19]
investigated the effects of mechanical impact on the initiation of
spiral waves. They used a guinea pig ventricular cell model [62] for
the RD model. They added SAC to represent a bell shaped profile
of external forces and thus to simulate a region of impact, within
which mechanically induced changes to the electrophysiology
occurred via the SAC. SAC were described using ISAC = GSAC(V −
ESAC) and this current was activated during impact (for details
see [19]). They found that various responses can occur, depending
on the timing of the impact during the action potential. Garny and
Kohl showed that if the mechanical impact was applied between
10% and 50% repolarization of the action potential (i.e., which is
similar to the vulnerable window in the left panel of Fig. 4), this
can lead to the initiation of self sustaining spiral waves. This is
shown in Fig. 8. The SAC depolarize the tissue behind the action
potential, and anewactionpotential arises that propagates in some
directions, but is blocked in other directions (see Fig. 8 at 17 and
31 ms). As a result two spirals are born. Garny and Kohl showed
that there is only a very narrow time window for which such
spiral waves can be initiated [19,55]. This has also been observed
in experiments by Link et al. [16].
Similar results have been reported by Li et al. [18], who

investigated the induction of ventricular arrhythmias after a
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Fig. 8. Initiation of spiral waves after mechanical impact. See text for explanation. Published with permission from [19]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
mechanical impact using a 3D bidomain model of the human
ventricles. Membrane kinetics were represented by the LR1-
A model [63], which is a modified version of the Luo–Rudy-1
model [64]. Impact effects were modeled via the SAC activation
in the region representing the impact region. They showed that
the impact region can lead to different cellular responses such
as: new action potentials, shortening or lengthening of the AP.
Furthermore, they showed that a mechanical impact can induce
re-entry via the activation of the SAC.
In addition to induction of spiral waves, studies have also

considered how MEF effects the termination of spiral waves using
a large amplitude stimulus (i.e., defibrillation). In [43,65], it was
shown that SAC can lead to an increase in defibrillation threshold,
which has also been reported in clinical and experimental
studies [66–68].

5. Conclusion

This review addresses some of the fundamental effects of
deformation on wave propagation in RD systems. We provide a
general description of the framework used to model MEF and
give necessary physiological background regarding the underlying
processes, with particular focus on cardiac muscle. Furthermore,
we discuss several studies that have shown that deformation
has an effect on many important aspects of wave propagation.
Studies on MEF are still in their infancy and much needs to be
done to further understand the resulting feedback dynamics. In
particular, more realistic biophysical models need to be developed
to more accurately describe the processes that occur during
contraction, and how passive properties of RD systems such as the
capacitance C and diffusion D tensor are affected by deformation.
Additionally, amore realistic description of the passivemechanical
properties of the tissue should be pursued. Cardiacmuscle exhibits
orthotropic and heterogeneous material properties, which play
a significant role during tissue deformation. The description of
active cell tension requires improvement to better represent the
relationship between contractile tension, the intracellular calcium
transient, and changes in cell length. Furthermore, anisotropic
active stresses may be important for MEF. It would be interesting
to investigate the effects of MEF in 3D models using more realistic
3D anatomical representations. There are already several models
that at least partially address some of these processes [69,70,40],
but more needs to be done in this direction. In addition to such
numerical studies, many interesting questions may be addressed
using analytical methods such as singular perturbation theory,
which may be extended to the study of RDM systems.

Acknowledgments

This review was funded by the Netherlands Organization
for Scientific Research (NWO grant number 814.02.014). M.P.N.
is supported by the Marsden Fund Council from New Zealand
government funding, administered by the Royal Society of New
Zealand.

References

[1] A.N. Zaikin, A.M. Zhabotinsky, Concentration wave propagation in two-
dimensional liquid-phase self-organising system, Nature 225 (1970) 535–537.

[2] C.J. Weijer, Dictyostelium morphogenesis, Curr. Opin. Genet. Dev. 14 (2004)
392–398.

[3] R.A. Gray, J. Jalife, Ventricular fibrillation and atrial fibrillation are twodifferent
beasts, Chaos 8 (1998) 65–78.

[4] P. Grindrod, Patterns and Waves: The Theory and Applications of Reaction-
Diffusion Equations, Clarendon Pr, 1991.

[5] J. Keener, J. Sneyd, Mathematical Physiology, Springer-Verlag, New York,
Heidelberg, Berlin, 1998.

[6] M.J. Lab, Contraction–excitation feedback in myocardium. Physiological basis
and clinical relevance, Circ. Res. 50 (6) (1982) 757–766.

[7] M.J. Lab, Mechanoelectric feedback (transduction) in heart: Concepts and
implications, Cardiovasc. Res. 32 (1) (1996) 3–14.

[8] P. Kohl, P.J. Hunter, D. Noble, Stretch-induced changes in heart rate and
rhythm: Clinical observations, experiments ann mathematical models, Prog.
Biophys. Molec. Biol. 71 (1999) 91–138.

[9] P. Kohl, M.R. Franz, F. Sachs, Cardiac Mechano-Electric Feedback and
Arrhythmias, Elsevier Health Sciences, 2005.

[10] P. Hunter, P. Nielsen, A strategy for integrative computational physiology,
Physiology. (Bethesda) 20 (October) (2005) 316–325.

[11] S.A. Niederer, N.P. Smith, An improved numerical method for strong coupling
of excitation and contraction models in the heart, Prog. Biophys. Mol. Biol. 96
(1–3) (2008) 90–111.



R.H. Keldermann et al. / Physica D 238 (2009) 1000–1007 1007
[12] H. Hu, F. Sachs, Stretch-activated ion channels in the heart, J. Mol. Cell Cardiol.
29 (1997) 1511–1523.

[13] F. Sachs, in: D.P. Zipes, J. Jalife (Eds.), Molecular Transduction. In Cardiac
Electrophysiology. From Cell to Bedside, 4th edition, Saunders, Philadelphia,
1995.

[14] M.R. Franz, R. Cima, D. Wang, D. Profitt, R. Kurz, Electrophysiological effects
of myocardial stretch and mechanical determinants of stretch-activated
arrhythmias, Circulation 86 (3) (1992) 968–978.

[15] D.E. Hansen,M. Borganelli, G.P. Stacy Jr., L.K. Taylor, Dose-dependent inhibition
of stretch-induced arrhythmias by gadolinium in isolated canine ventricles.
Evidence for a unique mode of antiarrhythmic action, Circ. Res. 69 (3) (1991)
820–831.

[16] M.S. Link, P.J. Wang, N.G. Pandian, S. Bharati, J.E. Udelson, M.Y. Lee, M.A.
Vecchiotti, B.A. VanderBrink, G. Mirra, B.J. Maron, N.A. Estes, An experimental
model of sudden death due to low-energy chest-wall impact (commotio
cordis), N. Engl. J. Med. 338 (25) (1998) 1805–1811.

[17] P. Kohl, A.D. Nesbitt, P.J. Cooper, M. Lei, Sudden cardiac death by commotio
cordis: Role of mechano-electric feedback, Cardiovasc. Res. 50 (2001)
280–289.

[18] W. Li, P. Kohl, N. Trayanova, Induction of ventricular arrhythmias following
mechanical impact: A simulation study in 3D, J. Mol. Histol 35 (7) (2004)
679–86.

[19] A. Garny, P. Kohl, Mechanical induction of arrhythmias during ventricular
repolarization: Modeling cellular mechanisms and their interaction in two
dimensions, Ann. N. Y. Acad. Sci. 1015 (2004) 133–143.

[20] C. Madias, B.J. Maron, J. Weinstock, N.A.M. Estes, M.S. Link, Commotio cordis:
Sudden cardiac death with chest wall impact, J. Cardiovasc. Electrophysiol. 18
(2007) 115–122.

[21] W. Li, P. Kohl, N. Trayanova, Myocardial ischemia lowers precordial thump
efficacy: An inquiry into mechanisms using three-dimensional simulations,
Heart. Rhythm. 3 (2) (2006) 179–186.

[22] D. Noble, Y. Rudy, Models of cardiac ventricular action potentials: Iterative
interaction between experiment and simulation, Phil. Trans. Roy. Soc. Lond.
359 (1783) (2001) 1127–1142.

[23] Y. Rudy, J.R. Silva, Computational biology in the study of cardiac ion channels
and cell electrophysiology, Quarterly Rev. Biophys. 39 (1) (2006) 57–116.

[24] A.L. Hodgkin, A.F. Huxley, A quantitative description ofmembrane current and
its application to conduction and excitation in nerve, J. Physiol. 117 (1952)
500–544.

[25] D. Noble, A modification of the Hodgkin–Huxley equation applicable to
purkinje fiber action and pacemaker potential, J. Physiol. 160 (1962) 317–352.

[26] C.H. Luo, Y. Rudy, A dynamic model of the cardiac ventricular action potential.
I. Simulations of ionic currents and concentration changes, Circ. Res. 74 (1994)
1071–1096.

[27] M. Courtemanche, R.J. Ramirez, S. Nattel, Ionic mechanisms underlying
human atrial action potential properties: Insights from amathematicalmodel,
Am.J.Physiol. 275 (1998) H301–H321.

[28] K.H.W.J. Ten Tusscher, D. Noble, P.J. Noble, A.V. Panfilov, A model for
human ventricular tissue, Am. J. Physiol. Heart Circ. Physiol. 286 (2004)
H1573–H1589.

[29] R. FitzHugh, Impulses and physiological states in theoretical models of nerve
membrane, Biophys. J. 1 (1961) 445–465.

[30] G.W. Beeler, H.J. Reuter, Reconstruction of the action potential of ventricular
myocardial fibers, J. Physiol. 268 (1977) 177–210.

[31] R.R. Aliev, A.V. Panfilov, A simple two-variable model of cardiac excitation,
Chaos Solitons Fractals 7 (1996) 293–301.

[32] F. Fenton, A. Karma, Vortex dynamics in three-dimensional continuous
myocardium with fiber rotation: Filament instability and fibrillation, Chaos
8 (1998) 20–47.

[33] A.D.McCulloch, B.H. Smaill, P.J. Hunter, Left ventricular epicardial deformation
in the isolated arrested dog heart, Am. J. Physiol. 252 (1987) H233–H241.

[34] L.E. Malvern, Introduction to theMechanics of a ContinuousMedium, Prentice
Hall, Englewood Cliffs, 1969.

[35] M.P. Nash, A.V. Panfilov, Electromechanical model of excitable tissue to study
reentrant cardiac arrhythmias, Prog. Biophys. Mol. Biol. 85 (2004) 501–522.

[36] A.V. Panfilov, R.H. Keldermann, M.P. Nash, Self-organized pacemakers in a
coupled reaction-diffusion-mechanics system, Phys. Rev. Lett. 95 (25) (2005)
258104.

[37] B.H. Smaill, P.J. Hunter, Strucutre and function of the diastolic heart: Material
properties of passive myocardium, in: L. Glass, P.J. Hunter, A.D. McCulloch
(Eds.), Theory of Heart: Biomechanics, Biophysics and Non-linear Dynamics
of Cardiac Function, Springer, New York, 1991.

[38] M.P. Nash, P.J. Hunter, Computational mechanics of the heart: From tissue
structure to ventricular function, J. Elasticity 61 (1–3) (2000) 113–141.

[39] P. Kohl, U. Ravens (Eds.), Mechano-Electric Feedback and Cardiac Arrhythmias,
in: Prog. Biophys. Molec. Biol., vol. 82(1–3), Elsevier Ltd, 2003, pp. 1–266.

[40] S.A. Niederer, P.J. Hunter, N.P. Smith, A quantitative analysis of cardiac
myocyte relaxation: A simulation study, Biophys. J. 90 (5) (2006) 1697–1722.

[41] P.J. Hunter, M.P. Nash, G.B. Sands, Computational electromechanics of the
heart, in: A.V. Panfilov, A.V. Holden (Eds.), Computational Biology of the Heart,
Wiley, Chichester, 1997, pp. 345–407.
[42] F.J. Vetter, A.D. McCulloch, Mechanoelectric feedback in a model of the
passively inflated left ventricle, Ann. Biomed. Eng. 29 (2001) 414–426.

[43] N. Trayanova, W. Li, J. Eason, P. Kohl, Effect of stretch activated channels on
defibrillation efficacy, Heart Rhythm 1 (2004) 67–77.

[44] T. Zeng, G.C. Bett, F. Sachs, Stretch-activated whole cell currents in adult
rat cardiac myocytes, Am. J. Physiol. Heart. Circ. Physiol. 278 (2) (2000)
H548–H557.

[45] R.H. Keldermann, M.P. Nash, A.V. Panfilov, Pacemakers in a reaction diffusion
mechanics systems, J. Statist. Phys. 128 (1–2) (2006) 375–392.

[46] J.P. Whiteley, M.J. Bishop, D.J. Gavaghan, Soft tissuemodelling of cardiac fibres
for use in coupledmechano-electric simulations, Bull. Math. Biol. 69 (7) (2007)
2199–2225.

[47] A.J.M. Spencer, ContinuumMechanics, LongmanGroup Limited, London, 1980.
[48] M. Lab, Transient depolarization and action potential alterations following

mechanical changes in isolated myocardium, Cardiovasc. Res. 14 (1980)
624–637.

[49] T.L. Riemer, E.A. Sobie, L. Tung, Stretch-induced changes in arrhythmogenesis
and excitability in experimentally based heart cell models, Am. J. Physiol. 275
(2 Pt 2) (1998) H431–H442.

[50] T.L. Riemer, L. Tung, Stretch-induced excitation and action potential changes
of single cardiac cells, Prog. Biophys. Mol. Biol. 82 (1–3) (2003) 97–110.

[51] A.V. Panfilov, R.H. Keldermann, M.P. Nash, Drift and breakup of spiral waves
in reaction-diffusion-mechanics systems, Proc. Natl. Acad. Sci. USA 104 (19)
(2007) 7922–7926.

[52] A.V. Hill, Excitation and accommodation in nerve, Proc. R. Soc. Lond. 119 (1936)
305–355.

[53] V.N. Biktashev, Dissipation of the excitation wave fronts, Phys. Rev. Lett. 89
(2002) 168102.

[54] D. Kelly, L. Mackenzie, P. Hunter, B. Smaill, D.A. Saint, Gene expression of
stretch-activated channels and mechanoelectric feedback in the heart, Clin.
Exp. Pharmacol. Physiol. 33 (7) (2006) 642–648.

[55] P. Kohl, C. Bollensdorff, A. Garny, Effects of mechanosensitive ion channels
on ventricular electrophysiology: Experimental and theoretical models, Exp.
Physiol. 91 (2) (2006) 307–321.

[56] M.G. Chang, L. Tung, R. Sekar, J. Cysyk, Y.R. Qi, L. Xu, E. Marban, R.M. Abraham,
Calium overload induces tachyarrhythmias in a 2D ventricular myocyte
experimental model, Heart Rhythm 3 (5) (2006) S109–S110.

[57] K.I. Agladze, V.A. Davydov, A.S. Mikhailov, An observation of resonance of
spiral waves in distributed excitable medium, JETP Lett. 45 (1987) 767–769.

[58] S. Grill, V.S. Zykov, S.C. Müller, Feedback-controlled dynamics of meandering
spiral waves, Phys. Rev. Lett. 75 (1995) 3368–3371.

[59] V.N. Biktashev, A.V. Holden, Control of re-entrant activity in a model of
mammalian atrial tissue, Proc. Roy. Soc. Lond. B 260 (1995) 211–217.

[60] V.N. Biktashev, A.V. Holden, Resonant drift of autowave vortices in two
dimensions and the effect of boundaries and inhomogeneities, Chaos Solitons
Fractals 5 (1995) 575–562.

[61] N.H. Kuijpers, H.M. Ten Eikelder, P.H. Bovendeerd, S. Verheule, T. Arts, P.A.
Hilbers, Mechanoelectric feedback leads to conduction slowing and block in
acutely dilated atria: A modeling study of cardiac electromechanics, Am. J.
Physiol. Heart. Circ. Physiol. 292 (6) (2007) H2832–H2853.

[62] D. Noble, A. Varghese, P. Kohl, P. Noble, Improved guinea-pig ventricular
model incorporating diadic space, ikr and iks , length and tension-dependent
processes, Can. J. Cardiol. 14 (1998) 123–134.

[63] T. Ashihara, T. Yao, T. Namba, M. Ito, T. Ikeda, A. Kawase, S. Toda, T. Suzuki,
M. Inagaki, M. Sugimachi, M. Kinoshita, K. Nakazawa, Electroporation in a
model of cardiac defibrillation, J. Cardiovasc. Electrophysiol. 12 (12) (2001)
1393–1403.

[64] C.H. Luo, Y. Rudy, A model of the ventricular cardiac action potential.
Depolarization, repolarization, and their interaction, Circ. Res. 68 (1991)
1501–1526.

[65] V. Gurev, M.M. Maleckar, N.A. Trayanova, Cardiac defibrillation and the role
of mechanoelectric feedback in postshock arrhythmogenesis, Ann. N. Y. Acad.
Sci. 1080 (2006) 320–333.

[66] S.D. Lucy, D.L. Jones, G.J. Klein, Pronounced increase in defibrillation threshold
associated with pacing-induced cardiomyopathy in the dog, Am. Heart. J. 127
(2) (1994) 366–376.

[67] A. Vigh, J. Lowder, H. Deantonio, Does acute volume overloading in the
setting of left ventricular dysfunction and pulmonary hypertension affect the
defibrillation threshold? Pacing. Clin. Electrophysiol. 22 (5) (1999) 759–764.

[68] J. Huang, J.M. Rogers, C.R. Killingsworth, G.P. Walcott, B.H. KenKnight, W.M.
Smith, R.E. Ideker, Improvement of defibrillation efficacy and quantification
of activation patterns during ventricular fibrillation in a canine heart failure
model, Circulation 103 (10) (2001) 1473–1478.

[69] D.P. Nickerson, M.P. Nash, P.M.F. Nielsen, N.P. Smith, P.J. Hunter, Computa-
tional multiscale modeling in the physiome project: Modeling cardiac elec-
tromechanics, IBM J. Res. Development 50 (6) (2006) 617–630.

[70] R.C.P. Kerckhoffs, S.N. Healy, T.P. Usyk, A.D. McCulloch, Computational
methods for cardiac electromechanics, Proc. IEEE 94 (4) (2006) 769–783.


	Modeling cardiac mechano-electrical feedback using reaction-diffusion-mechanics systems
	Introduction
	Modeling reaction-diffusion-mechanics
	Reaction-diffusion mechanics without SAC
	Reaction-diffusion mechanics with SAC
	Conclusion
	Acknowledgments
	References


