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The role of M cells and the long QT syndrome in cardiac arrhythmias:
Simulation studies of reentrant excitations using a detailed
electrophysiological model
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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 syndrom@&0@4 American Institute

of Physics. [DOI: 10.1063/1.163627]2

Spatial heterogeneity of cardiac tissue causes cells to re- 1. INTRODUCTION

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.
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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;® 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.
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 dod, guinea pig® and human heaftM cells
may constitute up to 40% of the human left ventricular free
wall” 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 endocardififihe 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 pacimyThe ion channels responsible for
the prolongation of the action potential in M cells include
primarily a smaller slow activating potassium currégg, an
augmented late sodium currehy, and a larger sodium—
calcium exchange curreft.

It has been hypothesized that the resulting transmural
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dispersion plays a major role in the initiation and mainte-reentry. Claytonet al?* studied the size of the vulnerable
nance of reentri? In particular, the role of M cells in the window, defined as the time interval for which a premature
initiation of torsade de pointes, a polymorphic ventricularstimulus initiates a unidirectional wave, in homogeneous
tachycardia, in patients with the long QT syndrome has restrands of tissue. They found that long QT conditions did not
cently received considerable attentfdriThe long QT syn- increase this size measurably. However, they did not inves-
drome is characterized by a prolonged ventricular repolarizatigate propagation block in strands having domains consist-
tion and is associated with a high risk of sudden cardiadng of electrophysiologically different cells. They also inves-
death. It manifests itself as an abnormally long QT intervaltigated the tip trajectory in numerical models for long-QT 1,
in the ECG and can be either congenital, idiopathic or ac2, and 3, using a relatively large square homogeneous do-
quired (for a review see Ref. 12Several forms of long QT main but did not study the initiation of reentrant excitation.
syndromes with different cellular mechanisms and clinical  In this paper, we use a detailed electrophysiological
characteristics have been identified. Nearly all cardiac eventodef? to investigate the two possible mechanisms detailed
in patients with long QT 1, associated with a redutgg, above. We first study if normally coupled tissue can generate
are initiated during increased sympathetic activation inducedinidirectional waves in one-dimensiondaD) strands of tis-

by physical or emotional stre$$* On the other hand, in sue. We then determine under what conditions a domain of
patients with long QT 2, characterized by a decreasg,in M cells will block propagation in a 1D cable. We finally
and long QT 3, corresponding to a latg,, cardiac events determine under what conditions a two-dimensiof&D)
occur most often during rest or sIeb’p. sheet of tissue containing a layer of M cells will lead to

Several possible mechanisms linking M cells and disperreentrant excitation.
sion of repolarization with cardiac arrhythmias have been
postulat.ed.' In one, M cells .develop early—e'lfter- Il. THE MODEL
depolarizations, which are characterized by a depolarization
at the end of the action potential plateau. This depolarization To describe the electrophysiological properties of the
could then create a premature stimulus via the electrotonicardiac cell we use the Luo—Rudy dynamitRd)
interaction with neighboring cells. This premature stimulusmodel?>?® The dynamics of the tissue is described by the
will be partially blocked by the M cell domain but can ini- reaction-diffusion equation
tiate a wave in other directions. Once the repolarization is 1 .
complete, this wave can reenter the M cell zone, leadingtoa — = V2 — ﬂ, (1)
classic figure-of-eight reentry.Crucial to this mechanism is gt CmpS, Cm
the ability for the early-after-depolarizations to excite neigh-whereV (mV) is the membrane potential,,, (uF cm ?) is
boring cells despite electrotonic effects that will tend tothe membrane capacitange(dcm) is the bulk resistivityS,
smooth out steep gradients. (cm™1) is the surface to volume ratio arf is the Laplac-

In another possible mechanism, the dispersion of repoian operator. The combination of@/,pS, gives the diffu-
larization due to M cells creates regions with delayed reposion constanD, which we have taken to bB= 1/CpS,
larization that act as conduction blocks for subsequent=0.11 cnt/s resulting in a planar wave speed of approxi-
waves. Under suitable conditions, the dispersion of repolarmately 17 cm/s. This speed is consistent with experimentally
ization can then lead to partial wave block and reentry. Thishserved wavespeeds in canine ventricles when measured
scenario has recently been shown to be plausible in a caningerpendicular to fiber&: As is the case for all electrophysi-
wedge preparation of the left ventriclen this study, a ological models, the details of the LRd model are contained
transmural cross section of the wedge was visualized viin the description of the total ionic currehy, (wAcm™?)
voltage sensitive dyes and long QT 2 conditions were realflowing through the cardiac cell membrane. In contrast to
ized pharmacologically by adding thg, blocker d-sotalot®  earlier models, which describe only a small number of ionic
This led to a marked increase in dispersion of repolarizatiorturrents, the LRd model and other often so-called “second
and the presence of distinct islands of M cells, which re-generation” models attempt to incorporate as many signifi-
sulted in areas with steep spatial gradients of repolarizatiorcant currents as possible, including a more complete descrip-
When the wedge was paced under bradycardic conditionson of intracellular calcium dynamics.
from the endocardium, followed by a premature stimulus de-  Our choice of the LRd model was motivated by several
livered at a short coupling intervéime interval between the considerations. First, all other existing models we tested, in-
premature stimulus and the previous, regular stimultiee  cluding the first generation Luo—Rutly and
islands were found to function as conduction blocks and torBeeler—Reutéf models and the second generation model of
sade de pointes ensued. The underlying mechanism of tHeox et al.?” exhibited spiral cores that were typically com-
resulting arrhythmia was demonstrated to be sustained intrgparable to or larger than the computational domain, taken to
mural reentrant excitations. be typical of human ventricles. Thus, these models are not

Only a limited number of numerical studies investigating suitable to investigate sustained reentry in our computations.
long QT syndromes, dispersion of repolarizations and its rol&Second, we are interested in modifying specific currents that
in arrhythmias has been undertaken. Work by Rudy and colare responsible for the distinct properties of M cells and that
leagues investigated long QT syndrome in isolated telfs play a role in the long QT syndromesee below. The LRd
and strands of cells with embedded domains of M ¢&f5  model, being a second generation model, allows us to change
but did not address the role of M cells in the initiation of these currents directly.
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1 T it is impossible to initiate reentry via uniform pacing of the
\ entire endocardium if the computational domain is invariant
5 I \ I I }/ under translation along the endocardi{tine vertical direc-
S 6k \ / | ird tion in Fig. 1(b)]. Thus, to break the symmetry we have
o2 \ / g chosen to use an M cell layer consisting of a strip of width
L = that starts at one boundary and ends with a “bubble” with
radiusr at the other endisee Fig. 1b)]. Evidence for inho-
0.2 L S .
0 05 T = Lom © mogeneous distributions of M cells can be seen in Ref. 11
x (cm) where the repolarization maps show distinct islands of

FIG. 1. (a) Typical profile of the maximal conductancelgf, Ggs, used in slowe_r reDOIa.'“zatlon’ presumably corr_e_spondlng oM C€_‘||
the numerical studies of a cable. The conductance is shown normalized H§OMains. As in the 1D cable, the transition between the dif-
the maximal conductance in normal tiss@s. The cable consists of a ferent domains was made smooth.

region of widthw with a reducedGs (Il) corresponding to M cells, sand- We will focus here mostly on long QT 3, which is char-

wiched between two equally sized domains of normal tissaed Ill). (0)  acterized by an incomplete inactivation of the sodium current
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 l\,lINa and which leads to an abnorma”y prolonged action po-

cells are modeled via the reduction Gf. and the transition between the tential, particularly in M cells. To model thig, channel and

different domains is taken to be smooth. to allow a description of the long QT 3 mutant we have
adopted the strategy of Clancy and Rudy and have replaced
Iva in the LRd model with a Markovian descriptiéh That

Since M cells are predominanﬂy present in the midmyo-is, instead of CaIcuIating the Opening and C|OSing of the fast
cardium, we focus here on the effects of regiona| heterogeSOdium channel using gating variables that are deterministic
neities in transmural geometries. Furthermore, since th&inctions of the membrane potential, we describe this chan-
transmural wedge experiment in Ref. 11 suggests that, dtel using a collection of open, closed and inactivation states.
least in the initial stages, the reentry caused by the long QThe transition rates between these states are dynamically cal-
syndrome is a 2D phenomenon we have limited ourselves téulated and are functions d In addition to the background
tissue sheets that represent thin transmural wedges. We hai@de, also present in wild type cells, mutant cells have a
taken the transmural dimension to be 1 cm, while the otheburst mode which does not include inactivation states. When
dimension is taken to be 2.5 cm. Also, we found it useful tothe channel is in this burst mode, the inactivation transiently
investigate the behavior of the tissue in a 1D cable that cafgils, leading to a leak current and a prolonged action poten-
be thought of as a straight line traversing the myocardial walfial.
and perpendicular to the endo- and epicardial walls. In all ~ To simplify the original model forl \,*® and its subse-
simulations, we have taken a spatial discretization of 0.008uent refinement and to render our computations more ef-
cm and a time step of 0.02 ms. We have verified that usindicient, we have changed the original Markovian model.
smaller time and space steps did not significantly modify theMore details of this modification can be found in the supple-
guantitative results. mental material. In essence, the simplification uses the exis-

Spatial heterogeneity was introduced by subdividing theience of two distinct timescales of thg, channel: A short
cable into three domairisee Fig. 1a)]. Since we focus here time scale on the order of a single action potential and a
primarily on the role of the M cell domain, we have chosenmuch longer timescale on the order of multiple action poten-
two outer domains that have equal length and identical eledials. Using these two timescales the Markov model can be
trophysiological properties. This is, of course, a simplifica-reduced to an equation fog, which is similar to the original
tion as the endo- and epicardium can have different electraformulation in the LRd model supplemented by a dynamical
physiological propertie$.However, in the canine wedge equation which describes the fraction of channels in the burst
preparation, the action potential durations of the epi- andnode. Numerical checks, presented in the supplemental ma-
endocardial cells were only minimally differetit. The terial, show that the reduced description accurately repro-
middle domain consists of a region of M cells, which, elec-duces the leak current. Furthermore, we have verified that
trophysiologically, were modeled by decreasing the value ofction potentials generated with the simplified model do not
the maximum conductandgy, of the slow activating potas- differ significantly from those generated using the full
sium currentl . We tuned the value o6¢g such that the model.
epi- and endocardial cells and the M cells had an action The simplification ofl,,, along with the geometry of
potential that correspond to the experimental findings in Refour computational domain, lead to several adjustable param-
11. Specifically, we took the normal tissue to have a maximaeters in our simulations. First, the strength of the long QT
conductanceGyg that was a factor of 1.5 larger than the syndrome can be changed via a single dimensionless param-
original value in the LRd model while the maximal conduc- eter . It is a measure of the fraction of mutant cellee
tanceGgg; in the M cells was chosen &8y;=0.3755¢0- Appendi® and is equal to zero in the case of normal cells.

The transition between the two regions was madeSecond, the width of the M cell layew can be changed.
smooth by employing a simple sigmoidal function Bks  Finally, in 2D we have the additional parameterthe radius
[see Fig. 1@ and supplemental materlal The two- of the disk at the end of the M cell layer. Notice that the
dimensional(2D) geometry consists of a transmural slice of minimal value ofr, r=w/2, corresponds to a strip with a
the myocardial wall containing a strip of M cells. Of course, rounded edge.
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cable can be seen in Fig. 3. Here, we have divided the cable

FIG. 2. (a) Action potential duration at a basic cycle length of 1000 ms as ainto seven subdomains and have plotted the action potential

function of the strength of the lealk,, u. at the midpoint of a cable with  for each subdomain for a fixed stimulation period of 12000 ms

(CSO"d line, w=0.48 cm) and without an M cell domailashed ling (b) 54 \arying long QT syndrome strength. The domain of M

orresponding repolarization times for different valueg.ofarying from 0 . .

(bottom liné to 0.09 with steps of 0.0Xc) Action potential duration at the ~ C€llS has a width ofv=0.48 cm and corresponds to Figs.

midpoint of the cable as a function of the width of the M cell dom@iasic ~ 3(c)—3(e). It can clearly be seen that the long QT syndrome

o ar o o ool g oA o e 5 & 1Ore ramat efect on the M cég. 30 han on

((\)A:=O cm and bottom lingto a don?ain of vg\l/idtghN=0.48 cm \?vith incre- normal Ce”S[Flgs' :{a) and 3g)]. Also nOte.that due to the

ments of 0.06 cm. 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 domaifiFig. 3(f)] than at the left

lll. RESULTS boundary[Fig. 3(b)].

Next, we investigated if the presence of M cells could
provoke early after depolarizations and waves propagating
We first quantified the effect of the size of the M cell unidirectionally in our cable. We first verified that single M
domainw and of the long QT syndrome strengtlon action  cells exhibit early after depolarizations, defined as an in-
potential duration in a cable. For this, we stimulated thecrease in the membrane potential during the plateau phase of
cable at one end with a fixed basic cycle length of 1000 mshe action potential. We found that these early after depolar-
for 40 s. We then measured the action potential duration inzations are present for a relatively wide range of parameters
the cell at the midpoint of the cabland thus at the midpoint and pacing protocols and have an amplitude that is consistent

of the M cell domain and at the end of the cable. In Figag  with experimental findings. This is shown in Fig(ad)
we plot the action potential duration as a functionuoft the  where we plot, as a solid line, three subsequent action poten-
midpoint of a cable with(solid line,w=0.48 cm) and with- tials for an isolated M cell withu=0.06. In contrast, an
out an M cell domair(dashed linew=0.0 cm). Figure t) isolated epi- or endocardial cell, paced at the same basic
shows the corresponding repolarization times along theycle length of 1000 ms, does not exhibit early after depo-
cable, measured as the time interval between the stimuldarizations(dashed ling
and the time at which the membrane potential has repolar- Having established the presence of early after depolar-
ized toV=—70 mV. As expected, increasing the long QT izations in isolated cells, we next considered a cable contain-
syndrome strength results in an increase in action potentiahg a domain of M cells. In Fig. @2, we show the action
durations. Since the action potential duration in M cells ispotential in a cable consisting of cells identical to the ones of
more strongly affected by an increaseginhigher values of  Fig. 4@al). The solid line represents the membrane potential
wu result in an increased dispersion of repolarization time inat the middle of the M cell domainn(=0.48 cm), while the
the tissue. In Fig. @) we show the action potential durations dashed line represents the membrane potential in the middle
at the midpoint of the heterogeneous cable as a function of of the epicardial domain. The early after depolarizations,
for ©=0.08, the long QT syndrome strength employed inpresent in the isolated cells, have now disappeared due to
most of this study. The corresponding repolarization timeslectrotonic effects. We found qualitatively similar results for
can be found in Fig. @). The action potential duration of different basic cycle lengths, long QT strengths and widths
points well into the normal tissue are hardly affected by in-of the M cell domain: Early after depolarizations provoked in
creasingu while the midpoint of the cable displays a marked single M cells were always found to be suppressed by elec-
increase in action potential duration whenis increased. trotonic effects once the cells were inserted in a cable con-
The action potential durations computed numerically here fotaining an M cell domain sandwiched between an endo- and
u=0 andx=0.08 are similar to the ones observed in Ref.epicardial domain.
11 when the wedge was paced under bradycardic conditions In fact, we found that, for the model used here, the only
with and without d-sotalol, respectively. possible way to generate an early after depolarization that
The shape of the action potential at different sites of theravels along a homogeneously coupled cable is to either

A. One dimension
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b FIG. 5. Action potentials at different positions along a cable of length 1 cm
| LC’;‘ shown on the right. The shaded M cell domain has wigth0.6 cm and the
C L I | =] cable (#=0.08) is paced with basic cycle length of 1000 ms, followed by a
e o < stimulus with coupling interval of 1200 ms. The maximal conducta®
1000ms 200ms e 5

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.

FIG. 4. (al) The membrane potential for a single isolated M ¢sdllid line)
for a long QT strength.=0.06, along with the membrane potential for a
single isolated epi- or endocardial céllashed ling The cell is paced with
a basic cycle length equal to 1000 ni@2 Membrane potential at different
positions along our inhomogeneous cabhke=<0.48 cm) consisting of cells
used in(al). The solid line correspond to the midpoint of the M cell domain, Ref. 8. An example is shown in Fig. 5 where we have plotted
while the dashed line corresponq to the mldQIe of the ep!cardlal domalnthe membrane potential at four different locations in the
(b1)—(b4) The membrane potential at four different locations along the - . . . .
cable, as indicated by the graph on the right. The M cell domain ( Cable, asllndlcated in the f'Q'Ure- An early aﬁ?r dgpolarlzgtlon
=0.48 cm) is shaded gray and the cable=(0.09) is paced using a basic appears in the M cell domaifb) as the coupling interval is
cycle length of 1000 ms, followed by a stimulus with a coupling interval of increased. This early after depolarization becomes more pro-
2000 ms. 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
change the pacing protocol or to increase the long QTnd the early after depolarization eventually creates an extra
strength significantly. Both scenarios lead to early after destimulus in the epicardium.
polarizations that are already present in the endocardial do- These results suggest that the first arrhythmic mecha-
main. An example is shown in In Fig.(# where we have nism described in the Introduction is unlikely to occur in the
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- 0.10
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 0.05
repolarization wave and disappears before reaching the end
of the cable. Thus, in conclusion, under normal coupling
conditions, the diffusive term in Eq1) always leads to con-
siderable dissipation of the membrane potential, which pre- 0.00
vents the early after depolarizations from stimulating neigh-
boring tissue. . ) o FIG. 6. Phase diagram of the response of a cable paced at a regular basic
Some studies have suggested that a discontinuity in Cortycle length(BCL) to a premature stimulus in the presence of a M cell
ductivity exists between the M cell domain and the epicar-domain of width 0.48 cm and of varying long QT syndrome strength. In
dium, leading to inhomogeneous coupliﬁhg.is possible that regions | an_d’l no conduction block occurs: A wave that has begun_ to
he inclusi f such inhomoaeneous coupling. as shown iI;'i/‘ropagate will propagate through the cable. In region | the wave speed in the
the inc USIOI’I_ Y . g X : pling, ] cell domain is similar to the wave speed in the normal domain while in
other modeling studies that investigated the propagatiofegion ¢ the wave in the M cell domain slows down considerably before
from the Purkinje fibergspecialized fibers that rapidly trans- resuming normal propagation. The dashed line is a guide to the eye to
mit impulses from the atrioventricular node to the ventriples Separate the two different regions. Regions Il and Ill correspond to two
h di 3931 allows for nidirectional nduction different types of conduction block. In region Il the normally propagating
to the mycardium,”*" allows fo u' ectional conduction. yaye reaches the M cell region and fails to propagate almost immediately.
However, we found that propagation provoked by early afteRegion Iil, on the other hand, corresponds to conduction block in which the
depolarizations in our model was only possible when wewave is able to enter the M cell domain, where it propagates with a signifi-
altered the conductance significantly. Specifically, we found@ly decreased wave speed before failing fo propagate. The size of the
window of coupling intervals which lead to conduction block in regions Il
that We_ ha_d to reduce the conductance by at least a faCtor @hd 111 is indicated by a gray scale, with white being the smallest range and
10, which is much more that the factor of three reported inblack being the largest range.

30 ms

15 ms

| (m§) 0 ms

: I < o
1200
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. ) . FIG. 8. The conduction block window duratig@BW) as a function of the
FIG. 7. (Color) Space—time diagrams of the transmembrane potential of g ;4 of the M cell domain forw=0.07 (dashed linesand x.=0.08 (solid

cable of length 1 cm that includes an M cell domain of widtk 0.48 cm lines for a basic cycle length of 1000 m&) and 500 ms(b). Note the
and long QT strengthu=0.07. The cable is paced at the left end with Gitrerent scales of the CBW axis.

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 figure®—(d) correspond to the points . . . .
marked(a)—(d) in Fig. 6 and are typical of the dynamics in the four different @ion. After coming almost completely to a stop, with typical
regions in that figure(a) Dynamics representative of region | in Fig. 6: The wave speeds found to be around 4 cm/s, the wave resumes its
p“lfl"éa“”e S“mh"ufc"“p"rr‘]g intervak 16‘(&”“3) P”?P"ﬂllgate; tthg*; t(g;* M original speed and propagates into the epicardium. This
cell domain with almost the same sp sic cycle length 300 ms). . . . .

Dynamics representative of region Il in Fig. 6: The wave is blocked imme-SIOW_down__and_go b_ehav,lor I,S demonSFrated n Flg:),]
diately when entered the M cell domaibasic cycle lengtx500 ms and ~ COrresponding to point c in Fig. 6, and is representative of
coupling interva184 ms). For this basic cycle length, the conduction the points in the region labeled in Fig. 6.

block window was fairly smal{15 mg with conduction block occurring for For Sufficienﬂy |arge values q&, conduction block oc-

a coupling interval between 170 and 185 rftg.Dynamics representative of ; : ; P ;
region F in Fig. 6: Due to the slow repolarization of the M cells the wave curs (reglons Il'and lll in Fig. 8. Two qualltatlvely different

speed is significantly decreased when entering the M cell domain. The spedy¥Pes of conduction block are O_bserved: In region I, t_he
increases again when the wave can propagate freely through the repolarizédave penetrates the M cell domain only slightly before being

medium (basic cycle lengtk 800 ms and coupling interval224 ms).(d) blocked. A space—time plot of point b within region Il is
Dynam_ics representativ_e of region Il in Fig_. 6: The wave speed decreaseghown in Fig. Tb). The conduction block window for points
dramatically upon entering the M cell domain. However, unli®g normal ) . - . .
propagation is unable to resume and the wave is blodkessic cycle N region Il is rather small, typically less than 20 ms. This
length=1000 ms and coupling interval245 ms). For this stimulation pe- range is indicated in Fig. 6 on a linear gray scale with white
riod, we found a con(_iuct_ion block window of 72 ms with conduction block corresponding to small conduction block windows and black
occurring for a coupling interval between 225 and 297 ms. corresponding to large ones>@0 ms). The conduction
block window for point b was found to be 15 ms.

The second type of conduction block can be found in
model we consider here. To study the second mechanism, wegion Il and is shown in Fig. (d). A wave front enters the
recall that this scenario predicts the blocking of a wavefrontM cell domain, reduces its speed significantly and is subse-
by the remnants of previous stimuli. To investigate the posquently blocked. The conduction block window for this re-
sibility of a wave block created by the M cell domain, we gion is much larger than for region Il. For example, the con-
again paced the cable at one end with a fixed period. After 4@uction block window for point d is 72 ms. This is also
cycles, we delivered a premature stimulus to the same end shown in Fig. 8 where we have plotted the conduction block
the cable and varied the coupling interval between the last ofvindow as a function of the width of the M cell domain for
the regular cycles and the premature stimulus. Conductiotwo different values of the long QT strength and for two
block was defined as an inability to propagate through the Mlifferent values of the pacing period. For both regions Il and
cell domain to the opposite end of the cable. The experimenil the conduction block windows increases &s is in-
was repeated for different basic cycle lengths and the corereased. We have also investigated the location of the bound-
duction block window, the range of coupling intervals thataries of the regions in Fig. 6 for differemt. Increasingw
resulted in a conduction block, was determined. did not significantly increase the size of any of the regions,

We found a rich set of possible dynamics that is summawhile decreasingv reduced the size of regions Il and Ill. Of
rized in Fig. 6 where we have plotted our findings in thecourse, forw=0 no conduction block occurs and both re-
basic cycle lengthBCL) vs strength of the long QT syn- gions Il and Il are absent in the phase diagram.
drome (u) phase space. For wild type cells, i.e.=0, the In most of region Il the behavior of the wave as a func-
presence of the M cells domain does not lead to any condudion of the coupling interval for fixed basic cycle length and
tion block. However, qualitatively different wave propaga- u can be summarized as follows: For large coupling inter-
tions are present. For small pacing periods, the prematureals, the wave is able to propagate normally through the M
wave travels through the M cell region with almost un- cell domain. Upon decreasing the coupling interval the wave
changed speed. This behavior is demonstrated in F&). 7 slows down significantly inside the M cell domain. Below a
which shows a color-coded space—time plot of the membraneritical coupling interval conduction stops within the M cell
voltage. The parameter values for Figaj7correspond to the domain. Finally, after decreasing the coupling interval even
point marked a in Fig. 6. Its behavior is typical of all points further, propagation fails already in the epicardial domain
in region | in Fig. 6. For longer pacing periods, the wave[domain | in Fig. 1a)]. Close to the boundary of region Il
front slows down significantly when entering the M cell re- with region I a different behavior is observed. Again, for
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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 300 T T
region W) and the radius of the bubble)( The grayscale indicates the ‘ C
duration as shown by the bar on the righhits are in secondlsA relatively 200}

sharp transition occurs between a regime for which reentries last at most
around 1 s and a regime for which reentries last for more tha and are
pinned by the bubbléblack squares 100}

large coupling intervals the wave is able to propagate nor- 0
mally through the M cell domain. For smaller coupling in- 100
tervals the wave slows down, and below a first critical cou- =

pling interval, propagation fails. Upon further decreasing the 4000 5000 6000 7000 8000
coupling interval, however, wave propagation resumes, char- t(ms)

acterized by a S|0W|y propagating front within the M cell FIG. 10. Spiral tip trajectories fow=0.48 cm andr =0.24 cm(a) andw

d_omai!"- Be|0W a :'seco_nd Critic?—' COUP“"!Q interval prPaga':o.24 cm,r=0.32 cm(b). The M cell domain is lightly shaded and the
tion fails in the epicardial domain. We will leave the discus-long QT syndrome strength {8=0.08. In both cases, the start of the tip
sion of this behavior to future studies. 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
In summary, our 1D results show that, for properly tlrnedshown. In(a), the dashed line is used as a guide to the eye in order to show

premature Stimu_" and sufficiently large Valuesmfthe_ Prés-  that the spiral ends up leaving the sheet. The size of the tissue sheet is
ence of a domain of M cells can create a conduction blocki cmx2.5cm. (c) Simulated pseudo-ECG corresponding to the reentry

Furthermore, early-after-depolarizations were observed tghown in_(b): showing the fourth and fifth regular beat and the premature
develop within the M cell domain. However, in our numeri- Simulus indicated by the arrow.

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 thdN€ tWo geometry parameters, andr, for fixedllongf QT
first mechanism and in our 2D simulations we will exclu- syndrome strengtp =0.08. Of course, the duration of reen-

sively focus on the second mechanism. try is also dependent on thg coupling inter(@e below anq
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
To investigate whether the second mechanism could leatkentrant excitations. The average of these five events is
to reentrant excitation in 2D we performed an extensive nushown in Fig. 9 using a gray scale with white corresponding
merical study of a transmural sheet, shown in Figp)1Our  to short-lived reentry and black corresponding to long-lived
simulation protocol was chosen to reduce the computationakentry. Note that the diagonal corresponds to a strip with a
cost while minimizing any drift in the action potential dura- rounded edge.
tion. For this, we first divide the 2D sheet into 1D cables  From the figure, one can see that reentry that lasts longer
running from the endo- to epicardium. These cables are thethan 1 s requires a sufficiently large M cell domain. This can
paced from the endocardial end for 40 s, after which thebe accomplished by either having a wide stripv (
sheet is reassembled. Then, the entire sheet is paced for>80.48 cm), or having a large bubble>0.28 cm forw
further 10 s by stimulating the entire endocardium. This is=0.24 cm). These two cases, however, result in qualitatively
finally followed by a premature stimulus with a varying cou- different reentrant patterns. A typical spiral tip trajectory for
pling interval. Rather than choosing the premature stimulus wide, rounded-edged, strip is shown in Fig(8d0The tip
at the epicardium as was done in Ref. 11, we used a stimulusas calculated every 1 ms using the intersection of the iso-
originating from the entire endocardium. This can be thoughtontourV= —30 mV and the line defined by=0.5, where
of as a premature stimulus coming from the Purkinje fiber. h is the inactivation gate of the sodium chanfieThe initial
Our main result is summarized in Fig. 9 where we showphase of the reentry is not shown and the first point of the tip
the length of reentry, measured in seconds, as a function dfajectory is marked by the arrow. The spiral eventually drifts

B. Two dimensions
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FIG. 12. The length of reentry as a function of coupling interval for the
transmural sheet witlw=0.08, basic cycle length1000 ms,w=0.32 cm

and three different values of[0.32 cm(solid), 0.24 cm(short dashed and

0.16 cm(long dashel]. Reentrant excitations far=0.32 cm(solid line)

that were characterized by a pinning to the bubble and that persisted
throughout the duration of our numerical simulatid@ss) are indicated by

the dotted line.

=0.08, w=0.32 cm, and three different values of 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-
FIG. 11. (Color) Color plots of the membrane potential of the reentrant tained reentry. In fact, for large bubbles, the spiral tip be-
excitation of Fig. 10b). The M cell domain is indicated by the white dashed comes attached to the bubble, resulting in reentry persisting
line. The plots are taken 25 ms apart andtstas after the application of the h h he full d . f’ ical simulatiof®s
premature stimulus. The first one is in the upper left hand corner while thdnroughout t. el l.JI‘a'FIOI’I Or our numerica .Slml.,l at'_d

last one is in the lower right hand corner. The color scale is identical to theS). These points are indicated by the dotted line in Fig. 12.
one employed in Fig. 7. Parameter valugs=0.08, w=0.24 cm, r

=0.32 cm, and a physical domain of 1 &s@.5 cm. IV. DISCUSSION

We have presented a numerical study of the role of a
out of the computational domain, which is indicated by theparticular type of spatial heterogeneity in cardiac tissue in
dashed line. The total trajectory in Fig. (@ represents 1 s the initiation and maintenance of reentrant excitations. Spe-
and approximately five spiral rotations. cifically, we have addressed the role of M cells, located in

The tip trajectory in the case of a large bubble is showrthe midmyocardium. The prolonged action potential of M
in Fig. 10b) where we again have omitted the initial part of cells leads to dispersion of repolarization which is increased
the reentrant excitation and marked the first point of the trasignificantly in patients with the long QT syndrome. We have
jectory with an arrow. Here, the spiral tip becomes pinned tdocused on the long QT 3 syndrome which is marked by an
the bubble, leading to long lasting reentry. A qualitative simi-increase in the latg,, and have investigated two previously
lar picture was found in a numerical study of a tissue sheeproposed mechanisms, using numerical simulations of inho-
with a central ischemic regiotf. The spiral tip is plotted for mogeneous tissue cables and sheets.
roughly 2 s and 10 spiral rotations in Fig. (). The corre- The first mechanism proposes that early after depolariza-
sponding simulated pseudo-ECG, using the algorithm in Reftions in the M cell domain leads to premature stimuli in
33, is shown in Fig. 1@). In this figure, we have included surrounding tissue. However, our numerical results show that
the two regular preceding beats and have indicated the premder normal electrotonic coupling, the late sodium current
mature stimulus by an arrow. The polymorphic undulatingis not sufficiently strong to induce an excitation in neighbor-
ECG is suggestive of torsade de pointes. Finally, the reening points. Typical currents that are responsible for the gen-
trant excitation of Fig. 1() is also plotted in Fig. 11 where eration of early after depolarizations are fairly snialFor
we show the activation of the tissue every 25 ms using thexample, in the case studied here, the laggcurrent is on
color scale of Fig. 7. the order of 2—4uAcm™2 while in long QT 1 and long QT

Since reentry is caused by the partial blocking of the2, the respective reduction bfs andl, is on the order of
premature stimulus, we found a good correlation between th& uAcm™2. Furthermore, the L type calcium current in-
range of coupling intervals that leads to reentry and the rangeolved in the generation of early after depolarizations is
of coupling intervals that leads to a 1D conduction block.roughly of the same magnitude. This should be compared to
This is illustrated in Fig. 12 where we have plotted the lengththe strength of the injection current needed to induce a
of reentry as a function of the coupling interval f@r ~ counter propagating wave in a cable wjtl 0. Numerically,
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we find that the necessary injection current is approximatelgmall basic cycle length, exhibits a small conduction block
an order of magnitude larger{30 wAcm™2). Itis therefore  window. For coupling intervals within this window, the wave
perhaps not a surprise that the inclusion of a leak current ifails to propagate abruptly. The second region, characterized
I na iS Not sufficient to create a wave propagating in the uni-by a slow wave propagation and a subsequent wave block,
directional direction. We have verified that a reductiori,@f  has a much larger conduction block window. Furthermore,
was also unable to initiate unidirectional propagation. along the boundary of this region, the dynamics is not
We also investigated the effect of a discontinuity in con-straightforward. A window of coupling intervals that exhibit
ductivity between the M cell domain and the epicardium, asconduction block is followed by a window of coupling inter-
reported in a studyWe found that a large increase in resis- vals that show slow propagation within the M cell domain.
tance between the two domains could result in an extr@gain, the calcium handling seems to be a likely candidate
stimulus in the epicardium that was provoked by an earlyfor an explanation of this behavior. This is supported by
after depolarization in the M cell domain. However, for the recent experimental work, able to visualize voltage and cal-
model used in our study, this increase was at least four timesium simultaneously, that showed that calcium dynamics
higher that the one reported in the literature. This indicateplays a crucial role in the generation of early after depolar-
that the discontinuity in conductivity between the M cell izations in particular and action potential prolongation in
domain and epicardium is likely insufficient to generate ageneral’® Thus, a model that faithfully incorporates calcium
premature stimulus arising from the M cell domain. handling is essential. This might require a description of lo-
Our simulation study focused on early after depolariza-cal spatial events including calcium spafks;urrently ab-
tions originating in M cells. We did not consider other pos-sent from the LRd model.
sible sources of early after depolarizations. For example, In mapping out the phase diagram of Fig. 9 we have
cells in the right ventricular epicardium exhibit a prominentfocused on a point in the parameter space within this second
transient outward currerit, . Early after depolarizations region (basic cycle length of 1000 ms and=0.08). The
originating from the right ventricle epicardial cells might main finding of our 2D simulations is that the second mecha-
play a role in phase 2 reentfywhich is thought to be asso- nism can lead to reentrant excitations. Indeed, for large
ciated with the Brugada syndroméA recent numerical enoughw, or large enough, we find reentry that can last 1
study, using a modified version of the LRd model that in-s or more. The observed pseudo-ECG, with its polymorphic
cludedl, together with a large reduction in the time constantundulating morphology, is suggestive of torsade de pointes.
for the L type calcium channel, investigated this scen&tio. Furthermore, for a large bubble size, the reentry becomes
These modifications were found, under very specific condipinned to the region of heterogeneity, thus leading to long
tions, to elicit a secondary wave in a cable divided into twolasting reentrant excitations.
subdomains with different,, densities. However, this sce- We should note that the observed mechanism for reen-
nario is specific to right ventricular epicardial cells and istrant excitations is not specific to long QT 3. We have also
unlikely to play a role in reentry phenomena associated withnvestigated both the first and second mechanism in a model
M cell domains in the left ventricle. for long QT 2. In this model, we reduced the maximal con-
The second mechanism we investigated relies on thductance ol , which allowed us to vary the strength of the
slow repolarization of the M cell domain which functions aslong QT syndrome. As in our long QT 3 model, we found
a wave block for subsequent stimuli. When the M cell do-that early after depolarizations did occur in the M cell do-
main is inhomogeneous, or alternatively, if the pacing breaksnain but were not able to excite neighboring tissue. On the
the translational symmetry along the endocardial wall, aother hand, when an M cell domain was included in the
properly timed extra stimulus can be blocked in one area ofransmural sheet, the long QT 2 model was able to partially
the myocardium while allowed to propagate in another. Thisplock a premature stimulus and sustained reentrant excita-
then, could create reentrant excitation. tions were found. Also, we point out that we have replicated
We first studied the propagation of stimuli, delivered the pacing protocol employed in Ref. 11. There, the endocar-
prematurely with varying coupling intervals, for different ba- dium was paced at a long basic cycle length, followed by a
sic cycle length and long QT syndrome strength. We found gremature stimulus on the epicardium. As the pacing proto-
rich set of possible dynamics of the wave following the pre-col already breaks the translational symmetry along the en-
mature stimulus. Particularly noteworthy was the dramaticddocardium, we included a continuous strip in our numerical
reduction of the wave speed occurring within the M cellgeometry. We found that this pacing protocol could lead to
domain. Prerequisite for this behavior is a sufficiently longreentry, provided that the strip had a sufficient width. Besides
basic cycle length. Preliminary investigations of the dynam-the geometrical construction of this paper or the pacing pro-
ics indicate that during this slow propagation the usual sotocol of Ref. 11 there are other ways to break the transla-
dium channel activation of neighboring cells fails. Instead,tional symmetry. For example, a strip of M cells with do-
the calcium channel becomes responsible for the depolarizanains of different long QT syndrome strength can have, for a
tion and the spread of the impulse. This scenario has alsgiven coupling interval, domains that exhibit wave block
been observed experimentally in growth cultures of ratwhile other domains support normal propagation. This,
myocytes®® again, would result in partial wave block and subsequent
The 1D simulations revealed two separate regions in theeentry.
basic cycle length vg. space in which conduction block The mechanism that was shown here to create reentrant
could occur. The first region, characterized by relativelyexcitation relies on an extra stimulus, delivered at a rela-
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