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In this numerical study, we investigate the role of intrinsic heterogeneities of cardiac tissue due to
M cells in the generation and maintenance of reentrant excitations using the detailed Luo–Rudy
dynamic model. This model has been extended to include a description of the long QT 3 syndrome,
and is studied in both one dimension, corresponding to a cable traversing the ventricular wall, and
two dimensions, representing a transmural slice. We focus on two possible mechanisms for the
generation of reentrant events. We first investigate if early-after-depolarizations occurring in M cells
can initiate reentry. We find that, even for large values of the long QT strength, the electrotonic
coupling between neighboring cells prevents early-after-depolarizations from creating a reentry. We
then study whether M cell domains, with their slow repolarization, can function as wave blocks for
premature stimuli. We find that the inclusion of an M cell domain can result in some cases in
reentrant excitations and we determine the lifetime of the reentry as a function of the size and
geometry of the domain and of the strength of the long QT syndrome. ©2004 American Institute
of Physics. @DOI: 10.1063/1.1636272#

Spatial heterogeneity of cardiac tissue causes cells to re-
polarize at different rates, leading to a dispersion of re-
polarization time. Dispersion of repolarization has been
postulated to function as a substrate for reentry phenom-
ena which occur when the propagation of the electric
wave is blocked in one direction causing the wave front to
curl and reenter the previously excited tissue. The ensu-
ing incoherent electrical activity of the heart is thought to
subsequently lead to ventricular fibrillation, the leading
cause of sudden death in the industrialized world. In this
numerical study, we investigate the role of intrinsic het-
erogeneities due to M cells in the generation and mainte-
nance of reentrant excitations. These cells, located in the
midmyocardium, exhibit a prolonged action potential du-
ration and the resulting dispersion of repolarization is
exacerbated in patients with the long QT syndrome. Us-
ing a detailed electrophysiological model, two previously
postulated mechanisms are investigated: One in which
the M cells create premature stimuli that lead to reen-
trant events and one in which the M cell domains func-
tion as wave blocks for electrically propagating waves
originating, as usually, from the endocardium. We find
that the first mechanism is unlikely to happen under the
conditions we study, due to the strong electrotonic cou-
pling that is normally present between neighboring cells.
The second mechanism, on the other hand, can result in
reentrant excitations. We determine the lifetime of the
reentry as a function of the size and geometry of the do-
main, and of the strength of the long QT syndrome.

I. INTRODUCTION

Spatial heterogeneity of cardiac cells is commonly be-
lieved to play a major role in the generation and maintenance
of arrhythmia. Both dynamic heterogeneity, where the dy-
namical properties of the homogeneous tissue are responsible
for the heterogeneity,1–3 and intrinsic heterogeneity, due, for
instance, to the presence of different types of cells in the
cardiac tissue, can result in cardiac cells that repolarize at
different rates. The resulting dispersion of repolarization can
lead to regions that block propagating waves and can, ulti-
mately, result in reentry phenomena.

The focus of this study is intrinsic heterogeneities, which
are present in a variety of forms. One of the most dramatic
intrinsic heterogeneities is the presence of a layer of cells, M
cells, roughly located in the middle of the myocardial wall.4,5

This layer consists of cells that have distinct electrophysi-
ological properties, most notably a prolonged action poten-
tial duration. The presence of these cells has been observed
in many experimental studies and has been found in the ven-
tricles of the dog,4 guinea pig,6 and human heart.7 M cells
may constitute up to 40% of the human left ventricular free
wall7 and the resulting action potential prolongation is most
dramatic for isolated cells but remains substantial in wedge
preparations where the M cells are coupled through gap junc-
tions to the cells in the epi- and endocardium.8 The disper-
sion becomes even more dramatic under the influence of car-
diac drugs that prolong the action potential and/or in the
presence of slow pacing.5 The ion channels responsible for
the prolongation of the action potential in M cells include
primarily a smaller slow activating potassium currentI Ks , an
augmented late sodium currentI Na and a larger sodium–
calcium exchange current.9

It has been hypothesized that the resulting transmurala!Electronic mail: hherve@physics.ucsd.edu
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dispersion plays a major role in the initiation and mainte-
nance of reentry.10 In particular, the role of M cells in the
initiation of torsade de pointes, a polymorphic ventricular
tachycardia, in patients with the long QT syndrome has re-
cently received considerable attention.11 The long QT syn-
drome is characterized by a prolonged ventricular repolariza-
tion and is associated with a high risk of sudden cardiac
death. It manifests itself as an abnormally long QT interval
in the ECG and can be either congenital, idiopathic or ac-
quired~for a review see Ref. 12!. Several forms of long QT
syndromes with different cellular mechanisms and clinical
characteristics have been identified. Nearly all cardiac events
in patients with long QT 1, associated with a reducedI Ks ,
are initiated during increased sympathetic activation induced
by physical or emotional stress.13,14 On the other hand, in
patients with long QT 2, characterized by a decrease inI Kr ,
and long QT 3, corresponding to a lateI Na, cardiac events
occur most often during rest or sleep.13

Several possible mechanisms linking M cells and disper-
sion of repolarization with cardiac arrhythmias have been
postulated. In one, M cells develop early-after-
depolarizations, which are characterized by a depolarization
at the end of the action potential plateau. This depolarization
could then create a premature stimulus via the electrotonic
interaction with neighboring cells. This premature stimulus
will be partially blocked by the M cell domain but can ini-
tiate a wave in other directions. Once the repolarization is
complete, this wave can reenter the M cell zone, leading to a
classic figure-of-eight reentry.15 Crucial to this mechanism is
the ability for the early-after-depolarizations to excite neigh-
boring cells despite electrotonic effects that will tend to
smooth out steep gradients.

In another possible mechanism, the dispersion of repo-
larization due to M cells creates regions with delayed repo-
larization that act as conduction blocks for subsequent
waves. Under suitable conditions, the dispersion of repolar-
ization can then lead to partial wave block and reentry. This
scenario has recently been shown to be plausible in a canine
wedge preparation of the left ventricle.11 In this study, a
transmural cross section of the wedge was visualized via
voltage sensitive dyes and long QT 2 conditions were real-
ized pharmacologically by adding theI Kr blocker d-sotalol.16

This led to a marked increase in dispersion of repolarization
and the presence of distinct islands of M cells, which re-
sulted in areas with steep spatial gradients of repolarization.
When the wedge was paced under bradycardic conditions
from the endocardium, followed by a premature stimulus de-
livered at a short coupling interval~time interval between the
premature stimulus and the previous, regular stimulus!, the
islands were found to function as conduction blocks and tor-
sade de pointes ensued. The underlying mechanism of the
resulting arrhythmia was demonstrated to be sustained intra-
mural reentrant excitations.

Only a limited number of numerical studies investigating
long QT syndromes, dispersion of repolarizations and its role
in arrhythmias has been undertaken. Work by Rudy and col-
leagues investigated long QT syndrome in isolated cells17,18

and strands of cells with embedded domains of M cells19,20

but did not address the role of M cells in the initiation of

reentry. Claytonet al.21 studied the size of the vulnerable
window, defined as the time interval for which a premature
stimulus initiates a unidirectional wave, in homogeneous
strands of tissue. They found that long QT conditions did not
increase this size measurably. However, they did not inves-
tigate propagation block in strands having domains consist-
ing of electrophysiologically different cells. They also inves-
tigated the tip trajectory in numerical models for long-QT 1,
2, and 3, using a relatively large square homogeneous do-
main but did not study the initiation of reentrant excitation.

In this paper, we use a detailed electrophysiological
model22 to investigate the two possible mechanisms detailed
above. We first study if normally coupled tissue can generate
unidirectional waves in one-dimensional~1D! strands of tis-
sue. We then determine under what conditions a domain of
M cells will block propagation in a 1D cable. We finally
determine under what conditions a two-dimensional~2D!
sheet of tissue containing a layer of M cells will lead to
reentrant excitation.

II. THE MODEL

To describe the electrophysiological properties of the
cardiac cell we use the Luo–Rudy dynamic~LRd!
model.22,23 The dynamics of the tissue is described by the
reaction-diffusion equation
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whereV ~mV! is the membrane potential,Cm (mF cm22) is
the membrane capacitance,r ~Vcm! is the bulk resistivity,Sv
(cm21) is the surface to volume ratio and¹2 is the Laplac-
ian operator. The combination of 1/CmrSv gives the diffu-
sion constantD, which we have taken to beD5 1/CmrSv
50.11 cm2/s resulting in a planar wave speed of approxi-
mately 17 cm/s. This speed is consistent with experimentally
observed wavespeeds in canine ventricles when measured
perpendicular to fibers.24 As is the case for all electrophysi-
ological models, the details of the LRd model are contained
in the description of the total ionic currentI ion (mA cm22)
flowing through the cardiac cell membrane. In contrast to
earlier models, which describe only a small number of ionic
currents, the LRd model and other often so-called ‘‘second
generation’’ models attempt to incorporate as many signifi-
cant currents as possible, including a more complete descrip-
tion of intracellular calcium dynamics.

Our choice of the LRd model was motivated by several
considerations. First, all other existing models we tested, in-
cluding the first generation Luo–Rudy25 and
Beeler–Reuter26 models and the second generation model of
Fox et al.,27 exhibited spiral cores that were typically com-
parable to or larger than the computational domain, taken to
be typical of human ventricles. Thus, these models are not
suitable to investigate sustained reentry in our computations.
Second, we are interested in modifying specific currents that
are responsible for the distinct properties of M cells and that
play a role in the long QT syndrome~see below!. The LRd
model, being a second generation model, allows us to change
these currents directly.
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Since M cells are predominantly present in the midmyo-
cardium, we focus here on the effects of regional heteroge-
neities in transmural geometries. Furthermore, since the
transmural wedge experiment in Ref. 11 suggests that, at
least in the initial stages, the reentry caused by the long QT
syndrome is a 2D phenomenon we have limited ourselves to
tissue sheets that represent thin transmural wedges. We have
taken the transmural dimension to be 1 cm, while the other
dimension is taken to be 2.5 cm. Also, we found it useful to
investigate the behavior of the tissue in a 1D cable that can
be thought of as a straight line traversing the myocardial wall
and perpendicular to the endo- and epicardial walls. In all
simulations, we have taken a spatial discretization of 0.008
cm and a time step of 0.02 ms. We have verified that using
smaller time and space steps did not significantly modify the
quantitative results.

Spatial heterogeneity was introduced by subdividing the
cable into three domains@see Fig. 1~a!#. Since we focus here
primarily on the role of the M cell domain, we have chosen
two outer domains that have equal length and identical elec-
trophysiological properties. This is, of course, a simplifica-
tion as the endo- and epicardium can have different electro-
physiological properties.9 However, in the canine wedge
preparation, the action potential durations of the epi- and
endocardial cells were only minimally different.11 The
middle domain consists of a region of M cells, which, elec-
trophysiologically, were modeled by decreasing the value of
the maximum conductanceGKs of the slow activating potas-
sium currentI Ks . We tuned the value ofGKs such that the
epi- and endocardial cells and the M cells had an action
potential that correspond to the experimental findings in Ref.
11. Specifically, we took the normal tissue to have a maximal
conductanceGKs0 that was a factor of 1.5 larger than the
original value in the LRd model while the maximal conduc-
tanceGKs1 in the M cells was chosen asGKs150.375GKs0.

The transition between the two regions was made
smooth by employing a simple sigmoidal function forGKs

@see Fig. 1~a! and supplemental material#. The two-
dimensional~2D! geometry consists of a transmural slice of
the myocardial wall containing a strip of M cells. Of course,

it is impossible to initiate reentry via uniform pacing of the
entire endocardium if the computational domain is invariant
under translation along the endocardium@the vertical direc-
tion in Fig. 1~b!#. Thus, to break the symmetry we have
chosen to use an M cell layer consisting of a strip of widthw
that starts at one boundary and ends with a ‘‘bubble’’ with
radiusr at the other end@see Fig. 1~b!#. Evidence for inho-
mogeneous distributions of M cells can be seen in Ref. 11
where the repolarization maps show distinct islands of
slower repolarization, presumably corresponding to M cell
domains. As in the 1D cable, the transition between the dif-
ferent domains was made smooth.

We will focus here mostly on long QT 3, which is char-
acterized by an incomplete inactivation of the sodium current
I Na and which leads to an abnormally prolonged action po-
tential, particularly in M cells. To model theI Na channel and
to allow a description of the long QT 3 mutant we have
adopted the strategy of Clancy and Rudy and have replaced
I Na in the LRd model with a Markovian description.28 That
is, instead of calculating the opening and closing of the fast
sodium channel using gating variables that are deterministic
functions of the membrane potential, we describe this chan-
nel using a collection of open, closed and inactivation states.
The transition rates between these states are dynamically cal-
culated and are functions ofV. In addition to the background
mode, also present in wild type cells, mutant cells have a
burst mode which does not include inactivation states. When
the channel is in this burst mode, the inactivation transiently
fails, leading to a leak current and a prolonged action poten-
tial.

To simplify the original model forI Na
28 and its subse-

quent refinement,29 and to render our computations more ef-
ficient, we have changed the original Markovian model.
More details of this modification can be found in the supple-
mental material. In essence, the simplification uses the exis-
tence of two distinct timescales of theI Na channel: A short
time scale on the order of a single action potential and a
much longer timescale on the order of multiple action poten-
tials. Using these two timescales the Markov model can be
reduced to an equation forI Na which is similar to the original
formulation in the LRd model supplemented by a dynamical
equation which describes the fraction of channels in the burst
mode. Numerical checks, presented in the supplemental ma-
terial, show that the reduced description accurately repro-
duces the leak current. Furthermore, we have verified that
action potentials generated with the simplified model do not
differ significantly from those generated using the full
model.

The simplification ofI Na, along with the geometry of
our computational domain, lead to several adjustable param-
eters in our simulations. First, the strength of the long QT
syndrome can be changed via a single dimensionless param-
eter m. It is a measure of the fraction of mutant cells~see
Appendix! and is equal to zero in the case of normal cells.
Second, the width of the M cell layerw can be changed.
Finally, in 2D we have the additional parameterr , the radius
of the disk at the end of the M cell layer. Notice that the
minimal value ofr , r 5w/2, corresponds to a strip with a
rounded edge.

FIG. 1. ~a! Typical profile of the maximal conductance ofI Ks , GKs , used in
the numerical studies of a cable. The conductance is shown normalized by
the maximal conductance in normal tissue,GKs0 . The cable consists of a
region of widthw with a reducedGKs ~II ! corresponding to M cells, sand-
wiched between two equally sized domains of normal tissue~I and III!. ~b!
The geometry considered in our 2D simulations, consisting of a region of M
cells, shaded in gray, surrounded by normal tissue. As in the cable, the M
cells are modeled via the reduction ofGKs and the transition between the
different domains is taken to be smooth.
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III. RESULTS

A. One dimension

We first quantified the effect of the size of the M cell
domainw and of the long QT syndrome strengthm on action
potential duration in a cable. For this, we stimulated the
cable at one end with a fixed basic cycle length of 1000 ms
for 40 s. We then measured the action potential duration in
the cell at the midpoint of the cable~and thus at the midpoint
of the M cell domain! and at the end of the cable. In Fig. 2~a!
we plot the action potential duration as a function ofm at the
midpoint of a cable with~solid line,w50.48 cm) and with-
out an M cell domain~dashed line,w50.0 cm). Figure 2~b!
shows the corresponding repolarization times along the
cable, measured as the time interval between the stimulus
and the time at which the membrane potential has repolar-
ized to V5270 mV. As expected, increasing the long QT
syndrome strength results in an increase in action potential
durations. Since the action potential duration in M cells is
more strongly affected by an increase inm, higher values of
m result in an increased dispersion of repolarization time in
the tissue. In Fig. 2~c! we show the action potential durations
at the midpoint of the heterogeneous cable as a function ofw
for m50.08, the long QT syndrome strength employed in
most of this study. The corresponding repolarization times
can be found in Fig. 2~d!. The action potential duration of
points well into the normal tissue are hardly affected by in-
creasingm while the midpoint of the cable displays a marked
increase in action potential duration whenw is increased.
The action potential durations computed numerically here for
m50 andm50.08 are similar to the ones observed in Ref.
11 when the wedge was paced under bradycardic conditions
with and without d-sotalol, respectively.

The shape of the action potential at different sites of the

cable can be seen in Fig. 3. Here, we have divided the cable
into seven subdomains and have plotted the action potential
for each subdomain for a fixed stimulation period of 1000 ms
and varying long QT syndrome strength. The domain of M
cells has a width ofw50.48 cm and corresponds to Figs.
3~c!–3~e!. It can clearly be seen that the long QT syndrome
has a more dramatic effect on the M cells@Fig. 3~d!# than on
normal cells@Figs. 3~a! and 3~g!#. Also note that due to the
symmetry breaking introduced by the pacing at the left end
of the cable, the action potentials are longer at the right
boundary of the M cell domain@Fig. 3~f!# than at the left
boundary@Fig. 3~b!#.

Next, we investigated if the presence of M cells could
provoke early after depolarizations and waves propagating
unidirectionally in our cable. We first verified that single M
cells exhibit early after depolarizations, defined as an in-
crease in the membrane potential during the plateau phase of
the action potential. We found that these early after depolar-
izations are present for a relatively wide range of parameters
and pacing protocols and have an amplitude that is consistent
with experimental findings. This is shown in Fig. 4~a1!
where we plot, as a solid line, three subsequent action poten-
tials for an isolated M cell withm50.06. In contrast, an
isolated epi- or endocardial cell, paced at the same basic
cycle length of 1000 ms, does not exhibit early after depo-
larizations~dashed line!.

Having established the presence of early after depolar-
izations in isolated cells, we next considered a cable contain-
ing a domain of M cells. In Fig. 4~a2!, we show the action
potential in a cable consisting of cells identical to the ones of
Fig. 4~a1!. The solid line represents the membrane potential
at the middle of the M cell domain (w50.48 cm), while the
dashed line represents the membrane potential in the middle
of the epicardial domain. The early after depolarizations,
present in the isolated cells, have now disappeared due to
electrotonic effects. We found qualitatively similar results for
different basic cycle lengths, long QT strengths and widths
of the M cell domain: Early after depolarizations provoked in
single M cells were always found to be suppressed by elec-
trotonic effects once the cells were inserted in a cable con-
taining an M cell domain sandwiched between an endo- and
epicardial domain.

In fact, we found that, for the model used here, the only
possible way to generate an early after depolarization that
travels along a homogeneously coupled cable is to either

FIG. 2. ~a! Action potential duration at a basic cycle length of 1000 ms as a
function of the strength of the leakI Na , m, at the midpoint of a cable with
~solid line, w50.48 cm) and without an M cell domain~dashed line!. ~b!
Corresponding repolarization times for different values ofm varying from 0
~bottom line! to 0.09 with steps of 0.01.~c! Action potential duration at the
midpoint of the cable as a function of the width of the M cell domain~basic
cycle length51000 ms andm50.08).~d! Corresponding repolarization time
for different widths of the M cells region ranging from a homogeneous cable
(w50 cm and bottom line! to a domain of widthw50.48 cm with incre-
ments of 0.06 cm.

FIG. 3. Action potentials at different positions along a cable of length 1 cm
for increasing values ofm from 0 ~shortest action potential! to 0.09~longest
action potential! with steps of 0.01. The domain of M cells has a width of
w50.48 cm and corresponds to the region~c!–~e!, while the transition re-
gions are~b! and ~f!. The basic cycle length is 1000 ms, the horizontal bar
corresponds to 200 ms and the vertical bar corresponds to 50 mV.
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change the pacing protocol or to increase the long QT
strength significantly. Both scenarios lead to early after de-
polarizations that are already present in the endocardial do-
main. An example is shown in In Fig. 4~b! where we have
plotted the action potential at four different locations along
the cable as indicated in the figure. The cable was paced at a
constant basic cycle length of 1000 ms, followed by a stimu-
lus with coupling interval of 2000 ms. The endocardial do-
main now generates an early after depolarization with a sig-
nificant amplitude that is able to travel through the M cell
domain into the epicardial domain. However, the early after
depolarization is propagating with a smaller speed that the
repolarization wave and disappears before reaching the end
of the cable. Thus, in conclusion, under normal coupling
conditions, the diffusive term in Eq.~1! always leads to con-
siderable dissipation of the membrane potential, which pre-
vents the early after depolarizations from stimulating neigh-
boring tissue.

Some studies have suggested that a discontinuity in con-
ductivity exists between the M cell domain and the epicar-
dium, leading to inhomogeneous coupling.8 It is possible that
the inclusion of such inhomogeneous coupling, as shown in
other modeling studies that investigated the propagation
from the Purkinje fibers~specialized fibers that rapidly trans-
mit impulses from the atrioventricular node to the ventricles!
to the mycardium,30,31 allows for unidirectional conduction.
However, we found that propagation provoked by early after
depolarizations in our model was only possible when we
altered the conductance significantly. Specifically, we found
that we had to reduce the conductance by at least a factor of
10, which is much more that the factor of three reported in

Ref. 8. An example is shown in Fig. 5 where we have plotted
the membrane potential at four different locations in the
cable, as indicated in the figure. An early after depolarization
appears in the M cell domain~b! as the coupling interval is
increased. This early after depolarization becomes more pro-
nounced at the boundary of the M cell domain and the epi-
cardium, where the resistance is increased by a factor of 13.
The increased resistance allows the epicardium to repolarize
and the early after depolarization eventually creates an extra
stimulus in the epicardium.

These results suggest that the first arrhythmic mecha-
nism described in the Introduction is unlikely to occur in the

FIG. 6. Phase diagram of the response of a cable paced at a regular basic
cycle length~BCL! to a premature stimulus in the presence of a M cell
domain of width 0.48 cm and of varying long QT syndrome strength. In
regions I and I* no conduction block occurs: A wave that has begun to
propagate will propagate through the cable. In region I the wave speed in the
M cell domain is similar to the wave speed in the normal domain while in
region I* the wave in the M cell domain slows down considerably before
resuming normal propagation. The dashed line is a guide to the eye to
separate the two different regions. Regions II and III correspond to two
different types of conduction block. In region II the normally propagating
wave reaches the M cell region and fails to propagate almost immediately.
Region III, on the other hand, corresponds to conduction block in which the
wave is able to enter the M cell domain, where it propagates with a signifi-
cantly decreased wave speed before failing to propagate. The size of the
window of coupling intervals which lead to conduction block in regions II
and III is indicated by a gray scale, with white being the smallest range and
black being the largest range.

FIG. 4. ~a1! The membrane potential for a single isolated M cell~solid line!
for a long QT strengthm50.06, along with the membrane potential for a
single isolated epi- or endocardial cell~dashed line!. The cell is paced with
a basic cycle length equal to 1000 ms.~a2! Membrane potential at different
positions along our inhomogeneous cable (w50.48 cm) consisting of cells
used in~a1!. The solid line correspond to the midpoint of the M cell domain,
while the dashed line correspond to the middle of the epicardial domain.
~b1!–~b4! The membrane potential at four different locations along the
cable, as indicated by the graph on the right. The M cell domain (w
50.48 cm) is shaded gray and the cable (m50.09) is paced using a basic
cycle length of 1000 ms, followed by a stimulus with a coupling interval of
2000 ms.

FIG. 5. Action potentials at different positions along a cable of length 1 cm
shown on the right. The shaded M cell domain has widthw50.6 cm and the
cable (m50.08) is paced with basic cycle length of 1000 ms, followed by a
stimulus with coupling interval of 1200 ms. The maximal conductanceGKs

of the slow activating potassium current was increased by a factor of two in
the epicardial domain. The resistance between the last gridpoint of the M
cell domain and the first gridpoint of the epicardium was abruptly increased
by a factor of 13 and returned to normal over the following 10 gridpoints.
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model we consider here. To study the second mechanism, we
recall that this scenario predicts the blocking of a wavefront
by the remnants of previous stimuli. To investigate the pos-
sibility of a wave block created by the M cell domain, we
again paced the cable at one end with a fixed period. After 40
cycles, we delivered a premature stimulus to the same end of
the cable and varied the coupling interval between the last of
the regular cycles and the premature stimulus. Conduction
block was defined as an inability to propagate through the M
cell domain to the opposite end of the cable. The experiment
was repeated for different basic cycle lengths and the con-
duction block window, the range of coupling intervals that
resulted in a conduction block, was determined.

We found a rich set of possible dynamics that is summa-
rized in Fig. 6 where we have plotted our findings in the
basic cycle length~BCL! vs strength of the long QT syn-
drome ~m! phase space. For wild type cells, i.e.,m50, the
presence of the M cells domain does not lead to any conduc-
tion block. However, qualitatively different wave propaga-
tions are present. For small pacing periods, the premature
wave travels through the M cell region with almost un-
changed speed. This behavior is demonstrated in Fig. 7~a!
which shows a color-coded space–time plot of the membrane
voltage. The parameter values for Fig. 7~a! correspond to the
point marked a in Fig. 6. Its behavior is typical of all points
in region I in Fig. 6. For longer pacing periods, the wave
front slows down significantly when entering the M cell re-

gion. After coming almost completely to a stop, with typical
wave speeds found to be around 4 cm/s, the wave resumes its
original speed and propagates into the epicardium. This
slow-down-and-go behavior is demonstrated in Fig. 7~c!,
corresponding to point c in Fig. 6, and is representative of
the points in the region labeled I* in Fig. 6.

For sufficiently large values ofm, conduction block oc-
curs~regions II and III in Fig. 6!. Two qualitatively different
types of conduction block are observed. In region II, the
wave penetrates the M cell domain only slightly before being
blocked. A space–time plot of point b within region II is
shown in Fig. 7~b!. The conduction block window for points
in region II is rather small, typically less than 20 ms. This
range is indicated in Fig. 6 on a linear gray scale with white
corresponding to small conduction block windows and black
corresponding to large ones (.30 ms). The conduction
block window for point b was found to be 15 ms.

The second type of conduction block can be found in
region III and is shown in Fig. 7~d!. A wave front enters the
M cell domain, reduces its speed significantly and is subse-
quently blocked. The conduction block window for this re-
gion is much larger than for region II. For example, the con-
duction block window for point d is 72 ms. This is also
shown in Fig. 8 where we have plotted the conduction block
window as a function of the width of the M cell domain for
two different values of the long QT strength and for two
different values of the pacing period. For both regions II and
III the conduction block windows increases asw is in-
creased. We have also investigated the location of the bound-
aries of the regions in Fig. 6 for differentw. Increasingw
did not significantly increase the size of any of the regions,
while decreasingw reduced the size of regions II and III. Of
course, forw50 no conduction block occurs and both re-
gions II and III are absent in the phase diagram.

In most of region III the behavior of the wave as a func-
tion of the coupling interval for fixed basic cycle length and
m can be summarized as follows: For large coupling inter-
vals, the wave is able to propagate normally through the M
cell domain. Upon decreasing the coupling interval the wave
slows down significantly inside the M cell domain. Below a
critical coupling interval conduction stops within the M cell
domain. Finally, after decreasing the coupling interval even
further, propagation fails already in the epicardial domain
@domain I in Fig. 1~a!#. Close to the boundary of region III
with region I* a different behavior is observed. Again, for

FIG. 7. ~Color! Space–time diagrams of the transmembrane potential of a
cable of length 1 cm that includes an M cell domain of widthw50.48 cm
and long QT strengthm50.07. The cable is paced at the left end with
constant basic cycle length for 10 s, after which a premature stimulus of
varying coupling intervals is given. The color code used is shown by the
colorbar on the right. The four figures~a!–~d! correspond to the points
marked~a!–~d! in Fig. 6 and are typical of the dynamics in the four different
regions in that figure.~a! Dynamics representative of region I in Fig. 6: The
premature stimulus~coupling interval5140 ms) propagates through the M
cell domain with almost the same speed~basic cycle length5300 ms).~b!
Dynamics representative of region II in Fig. 6: The wave is blocked imme-
diately when entered the M cell domain~basic cycle length5500 ms and
coupling interval5184 ms). For this basic cycle length, the conduction
block window was fairly small~15 ms! with conduction block occurring for
a coupling interval between 170 and 185 ms.~c! Dynamics representative of
region I* in Fig. 6: Due to the slow repolarization of the M cells the wave
speed is significantly decreased when entering the M cell domain. The speed
increases again when the wave can propagate freely through the repolarized
medium ~basic cycle length5800 ms and coupling interval5224 ms).~d!
Dynamics representative of region III in Fig. 6: The wave speed decreases
dramatically upon entering the M cell domain. However, unlike~c!, normal
propagation is unable to resume and the wave is blocked~basic cycle
length51000 ms and coupling interval5245 ms). For this stimulation pe-
riod, we found a conduction block window of 72 ms with conduction block
occurring for a coupling interval between 225 and 297 ms.

FIG. 8. The conduction block window duration~CBW! as a function of the
width of the M cell domain form50.07 ~dashed lines! andm50.08 ~solid
lines! for a basic cycle length of 1000 ms~a! and 500 ms~b!. Note the
different scales of the CBW axis.

177Chaos, Vol. 14, No. 1, 2004 Role of M cells in arrhythmias

Downloaded 19 Feb 2004 to 132.239.27.201. Redistribution subject to AIP license or copyright, see http://chaos.aip.org/chaos/copyright.jsp



large coupling intervals the wave is able to propagate nor-
mally through the M cell domain. For smaller coupling in-
tervals the wave slows down, and below a first critical cou-
pling interval, propagation fails. Upon further decreasing the
coupling interval, however, wave propagation resumes, char-
acterized by a slowly propagating front within the M cell
domain. Below a second critical coupling interval propaga-
tion fails in the epicardial domain. We will leave the discus-
sion of this behavior to future studies.

In summary, our 1D results show that, for properly timed
premature stimuli and sufficiently large values ofm, the pres-
ence of a domain of M cells can create a conduction block.
Furthermore, early-after-depolarizations were observed to
develop within the M cell domain. However, in our numeri-
cal experiments, they are unable to excite already repolarized
neighboring tissue due to electrotonic interactions. Thus, re-
entrant excitations will not be generated in our model via the
first mechanism and in our 2D simulations we will exclu-
sively focus on the second mechanism.

B. Two dimensions

To investigate whether the second mechanism could lead
to reentrant excitation in 2D we performed an extensive nu-
merical study of a transmural sheet, shown in Fig. 1~b!. Our
simulation protocol was chosen to reduce the computational
cost while minimizing any drift in the action potential dura-
tion. For this, we first divide the 2D sheet into 1D cables
running from the endo- to epicardium. These cables are then
paced from the endocardial end for 40 s, after which the
sheet is reassembled. Then, the entire sheet is paced for a
further 10 s by stimulating the entire endocardium. This is
finally followed by a premature stimulus with a varying cou-
pling interval. Rather than choosing the premature stimulus
at the epicardium as was done in Ref. 11, we used a stimulus
originating from the entire endocardium. This can be thought
of as a premature stimulus coming from the Purkinje fiber.31

Our main result is summarized in Fig. 9 where we show
the length of reentry, measured in seconds, as a function of

the two geometry parameters,w and r , for fixed long QT
syndrome strengthm50.08. Of course, the duration of reen-
try is also dependent on the coupling interval~see below and
Fig. 12! and to determine its value, we varied the coupling
interval in steps of 1 ms and measured the duration of reentry
for the five coupling intervals that produced the longest lived
reentrant excitations. The average of these five events is
shown in Fig. 9 using a gray scale with white corresponding
to short-lived reentry and black corresponding to long-lived
reentry. Note that the diagonal corresponds to a strip with a
rounded edge.

From the figure, one can see that reentry that lasts longer
than 1 s requires a sufficiently large M cell domain. This can
be accomplished by either having a wide strip (w
.0.48 cm), or having a large bubble (r .0.28 cm for w
50.24 cm). These two cases, however, result in qualitatively
different reentrant patterns. A typical spiral tip trajectory for
a wide, rounded-edged, strip is shown in Fig. 10~a!. The tip
was calculated every 1 ms using the intersection of the iso-
contourV5230 mV and the line defined byh50.5, where
h is the inactivation gate of the sodium channel.21 The initial
phase of the reentry is not shown and the first point of the tip
trajectory is marked by the arrow. The spiral eventually drifts

FIG. 9. Phase diagram: Duration of the reentry as a function of the two
parameters governing the geometry of the 2D sheet: the width of the M cell
region (w) and the radius of the bubble (r ). The grayscale indicates the
duration as shown by the bar on the right~units are in seconds!. A relatively
sharp transition occurs between a regime for which reentries last at most
around 1 s and a regime for which reentries last for more than 2 s and are
pinned by the bubble~black squares!.

FIG. 10. Spiral tip trajectories forw50.48 cm andr 50.24 cm~a! and w
50.24 cm, r 50.32 cm ~b!. The M cell domain is lightly shaded and the
long QT syndrome strength ism50.08. In both cases, the start of the tip
trajectory is indicated by an arrow and the initial stage of the reentrant
excitation is not shown. Note that only a part of the computational domain is
shown. In~a!, the dashed line is used as a guide to the eye in order to show
that the spiral ends up leaving the sheet. The size of the tissue sheet is
1 cm32.5 cm. ~c! Simulated pseudo-ECG corresponding to the reentry
shown in ~b!, showing the fourth and fifth regular beat and the premature
stimulus indicated by the arrow.
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out of the computational domain, which is indicated by the
dashed line. The total trajectory in Fig. 10~a! represents 1 s
and approximately five spiral rotations.

The tip trajectory in the case of a large bubble is shown
in Fig. 10~b! where we again have omitted the initial part of
the reentrant excitation and marked the first point of the tra-
jectory with an arrow. Here, the spiral tip becomes pinned to
the bubble, leading to long lasting reentry. A qualitative simi-
lar picture was found in a numerical study of a tissue sheet
with a central ischemic region.32 The spiral tip is plotted for
roughly 2 s and 10 spiral rotations in Fig. 10~b!. The corre-
sponding simulated pseudo-ECG, using the algorithm in Ref.
33, is shown in Fig. 10~c!. In this figure, we have included
the two regular preceding beats and have indicated the pre-
mature stimulus by an arrow. The polymorphic undulating
ECG is suggestive of torsade de pointes. Finally, the reen-
trant excitation of Fig. 10~b! is also plotted in Fig. 11 where
we show the activation of the tissue every 25 ms using the
color scale of Fig. 7.

Since reentry is caused by the partial blocking of the
premature stimulus, we found a good correlation between the
range of coupling intervals that leads to reentry and the range
of coupling intervals that leads to a 1D conduction block.
This is illustrated in Fig. 12 where we have plotted the length
of reentry as a function of the coupling interval form

50.08, w50.32 cm, and three different values ofr . For
these parameter values, the 1D cable simulations reveal a
conduction block for coupling intervals between 240 and 300
ms. In 2D, the onset of reentry occurs for a coupling interval
of 240 ms, as can be seen in Fig. 12 and no reentry is ob-
served for coupling intervals larger than 300 ms. As already
mentioned before, a larger bubble size leads to a more sus-
tained reentry. In fact, for large bubbles, the spiral tip be-
comes attached to the bubble, resulting in reentry persisting
throughout the full duration of our numerical simulations~2
s!. These points are indicated by the dotted line in Fig. 12.

IV. DISCUSSION

We have presented a numerical study of the role of a
particular type of spatial heterogeneity in cardiac tissue in
the initiation and maintenance of reentrant excitations. Spe-
cifically, we have addressed the role of M cells, located in
the midmyocardium. The prolonged action potential of M
cells leads to dispersion of repolarization which is increased
significantly in patients with the long QT syndrome. We have
focused on the long QT 3 syndrome which is marked by an
increase in the lateI Na and have investigated two previously
proposed mechanisms, using numerical simulations of inho-
mogeneous tissue cables and sheets.

The first mechanism proposes that early after depolariza-
tions in the M cell domain leads to premature stimuli in
surrounding tissue. However, our numerical results show that
under normal electrotonic coupling, the late sodium current
is not sufficiently strong to induce an excitation in neighbor-
ing points. Typical currents that are responsible for the gen-
eration of early after depolarizations are fairly small.34 For
example, in the case studied here, the lateI Na current is on
the order of 2 – 4mAcm22 while in long QT 1 and long QT
2, the respective reduction ofI Ks and I Kr is on the order of
1 mAcm22. Furthermore, the L type calcium current in-
volved in the generation of early after depolarizations is
roughly of the same magnitude. This should be compared to
the strength of the injection current needed to induce a
counter propagating wave in a cable withm50. Numerically,

FIG. 11. ~Color! Color plots of the membrane potential of the reentrant
excitation of Fig. 10~b!. The M cell domain is indicated by the white dashed
line. The plots are taken 25 ms apart and start 1 s after the application of the
premature stimulus. The first one is in the upper left hand corner while the
last one is in the lower right hand corner. The color scale is identical to the
one employed in Fig. 7. Parameter values:m50.08, w50.24 cm, r
50.32 cm, and a physical domain of 1 cm32.5 cm.

FIG. 12. The length of reentry as a function of coupling interval for the
transmural sheet withm50.08, basic cycle length51000 ms,w50.32 cm
and three different values ofr @0.32 cm~solid!, 0.24 cm~short dashed!, and
0.16 cm ~long dashed!#. Reentrant excitations forr 50.32 cm ~solid line!
that were characterized by a pinning to the bubble and that persisted
throughout the duration of our numerical simulations~2 s! are indicated by
the dotted line.
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we find that the necessary injection current is approximately
an order of magnitude larger (;30 mAcm22). It is therefore
perhaps not a surprise that the inclusion of a leak current in
I Na is not sufficient to create a wave propagating in the uni-
directional direction. We have verified that a reduction ofI Kr

was also unable to initiate unidirectional propagation.
We also investigated the effect of a discontinuity in con-

ductivity between the M cell domain and the epicardium, as
reported in a study.8 We found that a large increase in resis-
tance between the two domains could result in an extra
stimulus in the epicardium that was provoked by an early
after depolarization in the M cell domain. However, for the
model used in our study, this increase was at least four times
higher that the one reported in the literature. This indicates
that the discontinuity in conductivity between the M cell
domain and epicardium is likely insufficient to generate a
premature stimulus arising from the M cell domain.

Our simulation study focused on early after depolariza-
tions originating in M cells. We did not consider other pos-
sible sources of early after depolarizations. For example,
cells in the right ventricular epicardium exhibit a prominent
transient outward currentI to .35 Early after depolarizations
originating from the right ventricle epicardial cells might
play a role in phase 2 reentry,36 which is thought to be asso-
ciated with the Brugada syndrome.37 A recent numerical
study, using a modified version of the LRd model that in-
cludedI to together with a large reduction in the time constant
for the L type calcium channel, investigated this scenario.38

These modifications were found, under very specific condi-
tions, to elicit a secondary wave in a cable divided into two
subdomains with differentI to densities. However, this sce-
nario is specific to right ventricular epicardial cells and is
unlikely to play a role in reentry phenomena associated with
M cell domains in the left ventricle.

The second mechanism we investigated relies on the
slow repolarization of the M cell domain which functions as
a wave block for subsequent stimuli. When the M cell do-
main is inhomogeneous, or alternatively, if the pacing breaks
the translational symmetry along the endocardial wall, a
properly timed extra stimulus can be blocked in one area of
the myocardium while allowed to propagate in another. This,
then, could create reentrant excitation.

We first studied the propagation of stimuli, delivered
prematurely with varying coupling intervals, for different ba-
sic cycle length and long QT syndrome strength. We found a
rich set of possible dynamics of the wave following the pre-
mature stimulus. Particularly noteworthy was the dramatic
reduction of the wave speed occurring within the M cell
domain. Prerequisite for this behavior is a sufficiently long
basic cycle length. Preliminary investigations of the dynam-
ics indicate that during this slow propagation the usual so-
dium channel activation of neighboring cells fails. Instead,
the calcium channel becomes responsible for the depolariza-
tion and the spread of the impulse. This scenario has also
been observed experimentally in growth cultures of rat
myocytes.39

The 1D simulations revealed two separate regions in the
basic cycle length vsm space in which conduction block
could occur. The first region, characterized by relatively

small basic cycle length, exhibits a small conduction block
window. For coupling intervals within this window, the wave
fails to propagate abruptly. The second region, characterized
by a slow wave propagation and a subsequent wave block,
has a much larger conduction block window. Furthermore,
along the boundary of this region, the dynamics is not
straightforward. A window of coupling intervals that exhibit
conduction block is followed by a window of coupling inter-
vals that show slow propagation within the M cell domain.
Again, the calcium handling seems to be a likely candidate
for an explanation of this behavior. This is supported by
recent experimental work, able to visualize voltage and cal-
cium simultaneously, that showed that calcium dynamics
plays a crucial role in the generation of early after depolar-
izations in particular and action potential prolongation in
general.40 Thus, a model that faithfully incorporates calcium
handling is essential. This might require a description of lo-
cal spatial events including calcium sparks,41 currently ab-
sent from the LRd model.

In mapping out the phase diagram of Fig. 9 we have
focused on a point in the parameter space within this second
region ~basic cycle length of 1000 ms andm50.08). The
main finding of our 2D simulations is that the second mecha-
nism can lead to reentrant excitations. Indeed, for large
enoughw, or large enoughr , we find reentry that can last 1
s or more. The observed pseudo-ECG, with its polymorphic
undulating morphology, is suggestive of torsade de pointes.
Furthermore, for a large bubble size, the reentry becomes
pinned to the region of heterogeneity, thus leading to long
lasting reentrant excitations.

We should note that the observed mechanism for reen-
trant excitations is not specific to long QT 3. We have also
investigated both the first and second mechanism in a model
for long QT 2. In this model, we reduced the maximal con-
ductance ofI Kr which allowed us to vary the strength of the
long QT syndrome. As in our long QT 3 model, we found
that early after depolarizations did occur in the M cell do-
main but were not able to excite neighboring tissue. On the
other hand, when an M cell domain was included in the
transmural sheet, the long QT 2 model was able to partially
block a premature stimulus and sustained reentrant excita-
tions were found. Also, we point out that we have replicated
the pacing protocol employed in Ref. 11. There, the endocar-
dium was paced at a long basic cycle length, followed by a
premature stimulus on the epicardium. As the pacing proto-
col already breaks the translational symmetry along the en-
docardium, we included a continuous strip in our numerical
geometry. We found that this pacing protocol could lead to
reentry, provided that the strip had a sufficient width. Besides
the geometrical construction of this paper or the pacing pro-
tocol of Ref. 11 there are other ways to break the transla-
tional symmetry. For example, a strip of M cells with do-
mains of different long QT syndrome strength can have, for a
given coupling interval, domains that exhibit wave block
while other domains support normal propagation. This,
again, would result in partial wave block and subsequent
reentry.

The mechanism that was shown here to create reentrant
excitation relies on an extra stimulus, delivered at a rela-
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tively small coupling interval. This extra stimulus can possi-
bly be generated by an early after depolarization in a
Purkinje fiber that successfully excites the endocardium. A
possible mechanism that would lead to the initiation of a
wave originating from a Purkinje fiber early after depolariza-
tion is based on the experimentally observed reduced cou-
pling between the Purkinje fiber and the endocardium.42 Un-
der this condition, numerical simulations have revealed that
the inclusion of a large resistive barrier between the Purkinje
fibers and the ventricular cells can lead to early after depo-
larizations in the Purkinje fibers that are able to generate
extra stimuli in the ventricular domain.31

Our numerical simulations were carried out using a sim-
plified transmural geometry of the ventricular wall that con-
sisted of a centrally located M cell domain, sandwiched be-
tween two electrophysiologically equal domains representing
the endo- and epicardium. Incorporating more realistic ge-
ometries and endo- and epicardial cells with different elec-
trophysiological properties, however, will most likely not
change the qualitative conclusions of this study. Further-
more, the action potentials of the epicardial and endocardial
cells recorded in the wedge preparation of the canine left
ventricle, were very similar.11

The numerical simulations employed 2D transmural
sheets while the actual heart is of course a much more com-
plicated 3D object. Nevertheless, our numerical work, repli-
cating the experiments in wedges,11 demonstrates that the
creation of an intramural reentry event is plausible under
certain conditions. In 3D, an ensuing intramural filament can
either close on itself, leading to a scroll ring that remains
intramural and is on the scale of the ventricles,43,44 or can
reorient and attach itself to the endo- and epicardium. Pos-
sible subsequent instabilities could destabilize this filament,
resulting in multiple filaments and fibrillation. Only full-
scale 3D simulations, preferably on realistic geometries con-
taining detailed anatomical information, can address these
events. We are currently investigating this possibility, which
includes the development of novel algorithms that can accu-
rately simulate electrical wave propagation in anatomically
realistic hearts.45
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