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It has been known for several decades that electrical alternans occurs during myocardial ischemia in
both clinical and experimental work. There are a few reports showing that this alternans can be
triggered into existence by a premature ventricular contraction. Detriggering of alternans by a
premature ventricular contraction, as well as pause-induced triggering and detriggering, have also
been reported. We conduct a search for triggered alternans in an ionic model of ischemic ventricular
muscle in which alternans has been described recently: a one-dimensional cable of length 3 cm,
containing a central ischemic zone 1 cm long, with 1 cm segments of ngr@alnonischemic

tissue at each end. We use a modified form of the Luo—R@ile. Res.68, 1501-15261991)]

ionic model to represent the ventricular tissue, modeling the effect of ischemia by raising the
external potassium ion concentratidrK("],) in the central ischemic zone. A& "], is increased

at a fixed pacing cycle length of 400 ms, there is first a transition from 1:1 rhythm to alternans or
2:2 rhythm, and then a transition from 2:2 rhythm to 2:1 block. There is a ran§i ©f, over

which there is coexistence of 1:1 and 2:2 rhythms, so that dropping a stimulus from the periodic
drive train during 1:1 rhythm can result in the conversion of 1:1 to 2:2 rhythm. Within the bistable
range, the reverse transition from 2:2 to 1:1 rhythm can be produced by injection of a well-timed
extrastimulus. Using a stimulation protocol involving delivery of pre- and post-mature stimuli, we
derive a one-dimensional map that captures the salient features of the results of the cable
simulations, i.e., thg1:1—2:2—2:1} transitions with{1:1<2:2} bistability. This map uses a

new index of the global activity in the cable, the normalized voltage integral. Finally, we put forth

a simple piecewise linear map that replicates {thel—2:2} bistability observed in the cable
simulations and in the normalized voltage integral map2@?2 American Institute of Physics.
[DOI: 10.1063/1.1499275

Heart attack is a leading cause of death. Death during a certain. We therefore undertook to see whether we could
heart attack is often due to a disturbance in the rhythm  shed some light on triggered alternans by trying to elicit
of the heartbeat (“cardiac arrhythmia” ). Arrhythmias it in an ionic model of ischemic ventricular muscle.

arise in this context because of the interruption in the
flow of blood to the heart muscle (“myocardial is-
chemia”). It has been known for several decades that a
beat-to-beat alternation in the pulse or the electrocardio-
gram (“alternans” ) can be seen at the onset of ischemia,
just before the arrhythmias first start to appear. While
there has been much speculation about a cause-and-effect

relatpnshlp betwegn the. alternans and the arrhythmlas, electrocardiogram or electrograi@.g., ST-segment, T-wave,
_there IS as yet no firm evidence for this hypothesis. Th(_ere ventricular gradientcommonly occur during acute myocar-
is also some evidence that alternans can start up during gz ischemia in both clinicalsee Refs. 2—13 in Ref) aind
ischemia immediately following the occurrence of a pre- o, herimentd-®work. At times, the alternans can be so small
mature ventricular beat (“triggered alternans™ ). Again, i, magnitude that it is not visible to the naked eye, and signal
the exact nature of any causal connection between the processing technique®.g., power spectru?22 complex
premature beat and the triggering of the alternans is un- demodulatiort® or Karhunen—Loere decompositiol) must

5 J be used to establish its existence. There has been much re-
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04510 Meico,  Distrito  Federal,  Meico.  Electronic mail:  tients at risk of arrhythmia in ischemia as well as in other
jhar@hp.fciencias.unam.mx situations'®~16

I. INTRODUCTION

Electrical alternans is a cardiac arrhythmia in which
there is a beat-to-beat alternation in the shape of one or more
of the electrocardiographic complexes. Alternans rhythms in
which there is frank alternation of some component of the
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During experimental work on acute coronary ischemia,the differential-algebraic case before stimulus-current track-
the appearance of an alternans rhythm can sometimes be inmg was incorporated. This procedure involving keeping
mediately preceded by a spontaneous premature ventricultiack of the stimulus current is obviously incapable of re-
contraction(PVC).24#%0ne might reasonably think that this moving the drifts seen in the fully-differential formulation of
finding is simply a coincidence—i.e., that the PVC just hap-spontaneously active modéfs;>* where no stimuli are in-
pened to come along just by chance at a time when alternafected. If the fully-differential formulation is used, one is still
would have started up spontaneously anyway. However, thieft with a system that is degenerate, even if one keeps track
onset of alternans immediately following a PVC was seerof the stimulus currenisee, e.g., Fig. 6A of Ref. 52Finally,
tens of times in one studyjn 21 of 31 experiments in an- as previously noted? should one adopt stimulus-current
other study and in 4 out of 8 animals in yet another stifdy. tracking for a cable simulation using the fully-differential
There is thus certainly a causal relationship between the PV@rmulation, or even using the differential-algebraic formal-
and the alternans: hence the term “triggered alternghs,” ism (if stimulus-current tracking is indeed needed to remove
which we adopt. Alternans can also cease immediately foldrift in the space-clamped cgsa term to account for inter-
lowing a spontaneous PVE' following an externally in- cellular diffusion of the injected ion species and for other
duced extrasystofé,or following a deliberate pause in ionic species might then have to be added to avoid drift.
stimulation® We refer to this phenomenon as “detriggering.” Given all the above uncertainties and complications, we de-

It has been known for some time that alternans can existided to use a first-generation model. We select the Luo—
in situations where inhomogeneity does not play a role in itRudy (LR) model because it haBK*], as a parameter,
induction: e.g., single ventricular ceft5;**ionic models of ~ which is essential for our modeling of the ischemic zone.
space-clamped ventricular membrahé®?2-2%onic models One deficiency of the space-clamped LR model, which
of homogeneous one-dimensional str&d® and s carried over from the Beeler—Reuter maddétom which
2-dimensional sheet$® of ventricular tissue, a coupled-map it is derived, is that the time-constants for the activation and
lattice3® and simple one-dimensional finite-difference equa-inactivation of the slow inward Ca" current () are an
tions stemming from experimentar® and modeling®?’  order of magnitude too large. We have thus decreased the
work. Alternans has only more recently been seen in modelme constant for the activation of(74) by a factor of 10,
of inhomogeneous ventricular mus¢i@313We thus de-  which then putsr, into the physiologic rang&->*As in our
cided to investigate whether triggered alternans could also berior work on modeling alternans in ischemic mustheg
seen in a model of ischemic ventricular muscle. leave the inactivation time-constant of(7;) unchanged,

since reducing it results in the level of the plateau of the

action potential being unrealistically depressed. To describe

the other currents we have used the equations appearing in
Il. METHODS Table | and the body of the text of Luo and Rudp91).** It

We study an ionic model of a one-dimensional strand of1as been noted previoushthat using the equations in Table

normal ventricular myocardium, with an area of elevated '€sults in current-voltage relationships fiq, and |y (ry

[K*], embedded within its interior to represent the ischemichat are different from those shown in Figs. 2 and 3B of Luo

zonel¥~*3We use a “first-generation” model of the ven- and Rudy (1991, respectively. The ionic concentrations
tricular membrane ionic currents. that due to Luo angdiven in Ref. 44 are used to calculate the reversal potentials

Rudy** avoiding use of one of the more recent “second-Enas Ex, @ndEx, (we takeRT/F=26.7 mV for these cal-
generation” models. culations. In the steady state, the action potential duration

In their original formulation, second-generation models(Measured between the upstroke and the crossing through of

of space-clamped cardiac membrane suffer from two defi— 60 MV on the repolarizing limb of the action potenti

ciencies: (i) degeneracy, with nonuniqueness of equilibria"®duced t0~237ms from~290 ms in the standard LR
(steady-states and limit cycle®—*8and(ii) very slow long- space-clamped model when paced at a basic cycle length of
term drifts in the variable&-4"49-52The degeneracy can be 400 MS. _ _ _
removed by reformulating these models as differential- W& model a one-dimensional strand of ventricular
algebraic systenf®~*35%rather than as fully-differential sys- Muscle by the one-dimensional cable equation,

tems, which is the way they were originally formulated. In

one model of spontaneous activity of the sinus node, in 2y IV

which external stimuli were not delivered, the strategy of ﬁ_XZ:pSV(CmW'{_Iion)'

employing the differential-algebraic formulation also abol-

ished drift*’ Drift in another unstimulated sinus node model

was removed by exquisitely adjusting two parameters, mainwhereV is the transmembrane potentiahV), x is the spa-
taining the original fully-differential formulatiof® In a tial coordinate in the stranttm), p is the effective longitu-
model of quiescent ventricular muscle, it has been showiinal resistivity (0.2 KX cm), S, is the surface-to-volume ra-
that the drift is abolished in both the fully-differential and the tio (5000 cm'!), C,, is the specific membrane capacitance
algebraic-differential formulations, provided that one takes(1 uF cm 2), t is time(ms), andl;,, is the total ionic current
into account the ion species injected by the constant-currerfix A cm™2) given by our modified LR model. We use an
stimulus pulsegsee Fig. 5 of Ref. 52 However, it is not  explicit integration scheme, with forward Euler integration
clear from this paper whether drift was originally present infor the internal calcium concentration, and an exact analytic
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formula for the activation and inactivation variablésr fur- A 50
ther details of the integration scheme, see Refs. 1, Pie ]
temporal integration step-sizaf{) is 0.01 ms and the spatial 04
integration step-sizeAx) is 0.01 cm. A lookup table with
linear interpolation (voltage-step0.2 mV) was used to cal-
culate the asymptotic values and the time constants of the
activation and inactivation variables. LUldial's rule was
used where needed to evaluate indeterminate forms. AT
The one-dimensional space-constanhis (Ry,/pS,)*? 30 35 40 45 50
=0.06 cm, whereR,, is the specific membrane resistance
(3.55 K cn? at the nominal LR value diK * ], of 5.4 mM).

0.005 0.01 0.025

V (mV)

-50 -

400

The discretization factor Xx/\) is thus ~0.17, at which 601 =
point the numerical error is acceptable, as we show below 2 soof/ﬂ\
(Fig. 1. The diffusion constant D=1/(pS,C) © 40+ ‘;200_
=102 cn? ms %, so that the von Neumann linear stability § 5
criterion [(Ax)2/At>4D] is satisfied. Sealed-er(ile., Di- > 2°] S 1004
richlet) boundary conditions are set. Stimulation is carried 0 : : 0 : :
out by injectig a 1 msduration current pulse into the first 0.00 0.05 0.10 0.00 0.05 0.10
five elements of the strand at an amplitude of 10®cm ™2 Ax (cm) AX (cm)
(~2X-threshold). An implicit integration scheme was also D 50 E
used to check the results presented below; the findings wer 441 2371
the same, with a small shift in the exact value[&f" ], at s 301 ’g 236+
which a particular rhythm is seen. Simulations were carried \E/x 20 = 235
out on K7(Athlon 650 MH2 machines using programs writ- >§ 10l % 234
ten in C(~ 16 significant decimal placgs 0 233
0.00 0.05 0.10 0.00 0.05 0.10
Ax (cm) Ax (cm)

FIG. 1. Action potential propagation in homogeneous one-dimensional
Ill. RESULTS cable af K*],=5.4mM. (a) Action potential upstrokes at middié a5 cm
long cable for three different values of the spatial integration step-aizg (
and the temporal integration step-sizeAt]. Ax=0.005cm, At

We first investigate the effect of changing the spacing of:0-005 ms;Ax=0.01 cm, At=0.01 ms;Ax=0.025 cm atAt=0.025 ms.

th ical arid th ted acti tential in th The 21st action potential after the start of stimulation from infinite-rest
€ nhumerical grnd on the propagated action potential In g, conditions(stimulus pulse amplitude100 «A cm™2; pulse duration

homogeneous one-dimensional cable at the nonjikal], =1ms. (b)—(e) Effect of changinght andAx on conduction velocity),

of 5.4 mM. The cable is allowed to rest for 1000 ms, andmaximal upstroke velocitydV/dt,a, O Vg, Mmaximum potential s,

then stimulation is started at a basic cycle |en@ﬁ;|_) of and action potent_ial duratiotAPD). The numerical value ofAt (in mg

400 ms. Figure Gi) shows the upstroke of the 21st action equals the numerical value dfx (in cm). v measured betweex=2.5 cm
tential atAx=0.005 0.01 d 0.025 t th and x=3.0cm in the cable; other parameters measureck=ag.5 cm.

pO_ b |§ ALAX0 cm, U. - cm, an ) chna € curves through the data points are spline fits.

mid-point d a 5 cmlong cable withAt=0.005 ms, 0.01 ms,

and 0.025 ms, respectively. At Ak, At)

=(0.025cm, 0.025 ms), where the discretization factor qe At=0.01ms andAx=0.01cm in what follows. The
(A>.<,)\) is.0.4, there is an oscillation following the upstroke, 4vimum change iV in a simulation from timet to time
which is much less pronounced at AX,At) t+ At is then 2.6 mV.

=(0.01 cm, 0.01 ms) andAx,At)=(0.005 cm, 0.005 ms).

A similar oscillation has been described previously in the _ _ )
Beeler—Reuter model when the discretization factor is tods- Effect on rhythm of increasing ~ [K™], in the

large®®%  The two  upstrokes for Ax,At) Ischemic zone

=(0.01cm, 0.01 ms) andAx,At)=(0.005 cm, 0.005 ms) We model the effect of ischemia by increasiig* ], in

look very similar in Fig. 1a). In fact, Figs. 1b)—1(e) show  the central part of the strarithe ischemic zone'28:3740-43.59
that several action potential parameters are within a few pemve choose a fixed BCL of 400 ms, which is within the range
cent of their asymptotici.e., Ax/A—0) values at Ax,At) used in experimental work on ischemic arrhythnisse Ref.
=(0.01cm, 0.01 ms), which agrees with prior work on the1 for references The total length of the strand is 3.0 cm,
unmodified LR equation¥ For example, decreasing with the region of elevateflk * ], occupying the central 1.0
(Ax,At) from (0.01 cm, 0.01 misto (0.005 cm, 0.005 m)s  cm length of the strand, to correspond with our earlier simu-
changes the maximum upstroke velodit\/dtpax OF Vma lations in a two-dimensional shelft the start of each simu-

by 7%, the conduction velocityr) by 4%, the maximum lation run at a giveiK ™ ],, we obtain approximate infinite-
voltage (overshoot potential in this caséV ) by 3%, and  rest initial conditions by setting the variables in the normal-
the action potential duratiofAPD) by 0.004%. We therefore and high-potassium regions equal to their respective space-

A. Effect of discretization
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FIG. 2. Action potential propagation during 1:1 rhythm in the one-
dimensional cable(a@) Action potentials at three sites: proximal normal zone
(top: x=0.75 cm), middle of ischemic zonémiddle x=1.5 cm), distal nor-
mal zone(bottom x=2.25 cm). [K*],=5.4 mM (left) and 13.0 mM(right).

(b) Resting membrane potentidRMP) and maximum potential\{;,,,,) as a
function of distance X) during a 1:1 rhythm. The ischemic zone lies be-
tweenx=1cm andx=2 cm.
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50 . : , . . .
0.75cm 0.75cm
~ 04 J J
>
£
S 504 J |
-100 ; i : : : .
1.35¢cm 1.35¢m
—_ Om _m i
E /\
S -50- ] f\ 1
-100 . i i : . .
1.50cm 1.50 ¢cm
— O-D _m |
z
S ) A ——
-100 , i : . . .
1.65c¢cm 1.65¢cm
— O_D ] ]
z
> 501 [\ _ | i
-100 , i : . . .
2.25¢cm 2.25cm
~ 04 J J
>
£
S -504 J |
-100 . , , . : :
0 200 400 600 0 200 400 600 800
t (ms} t{ms)

FIG. 3. Action potential propagation during 2:2 and 2:1 rhythms in the
one-dimensional cabléction potentials at five sites in the one-dimensional
cable during:(@) 2:2 rhythm((K*],=13.173 mM, (b) 2:1 rhythm(K*],
=13.25mM.

models}?837:40-4453 e due to a reduction in the fast inward
sodium current ;) caused by the K-induced depolariza-

clamped steady-state values and then allowing the simulatioffpn of the resting potential, while the reduction in APD is
to run for 1000 ms, so as to allow some time for equilibration|grgely due to the K-activation of the maximal conduc-

to occur before injecting the first stimulus &0 ms. We
now describe the sequence of rhythms seerf Ki§], is
raised.

tances of the outward repolarizing“Kcurrents. While the
action potential thus decrements as it enters the ischemic
zone, it increments as it leaves, with the degree of initial

Figure 2a) (left) shows action potentials recorded at yecrement and subsequent increment increasirié< 43, is

three locationgx=0.75, 1.5, and 2.25 chin the strand, with
[K*], set to its nominal value of 5.4 mN.e., in the control
situation, before the onset of simulated ischenildere is a
1:1 response at thegand all othey sites in the strand, in that

raised[Fig. 2(b)].

As [K*], is increased further, there is eventually a loss
of 1:1 synchronization, with a transition to an alternans or
2:2 rhythm, in which there is a beat-to-beat alternation in the

each stimulus produces an action potential of essentially inmorphology of the action potential between two different

variant morphologyneglecting edge effegtshat propagates

morphologies[e.g., Fig. 3a): [K*],=13.173 mM. The

of 63cms?t. As [K'], is raised[e.g., Fig. 2a), right:

size (amplitude=30 mV) towards the distal end of the is-

[K"]o=13.0 mM], the 1:1 response is preserved, but there isshemic zone(see, e.g.x=1.65cm track but then incre-
a progressive depolarization of the resting membrane potenpents back up to a normal siz&=2.25cm tracg as it

tial (RMP) and decrease in the maximum potenti&l, )

leaves the ischemic zone. Figurgtdp three tracesshows

obtained as the action potential enters the ischemic zong _ as a function of position for the smaller action potential

[Fig. 2(b)]. There are also decreases\ii},5, APD, andv
within the ischemic zondsee, e.g., Fig. @), right: x

=1.5cm). The K" -induced decreases M.y, Vimax, and v

during alternans at three different values[&f" ], (13.173,
13.183, and 13.2 mM This smaller action potential propa-
gates with constant velocity over a considerable part of the

which have been described previously in ventricular ionicdistal ischemic zone, with ., Staying constante.g., over a
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FIG. 4. Maximum potential as a function of distanddaximum potential 13.10 13.15 13.20 13.25
(Vmay @s a function of distancexj for the smaller of the two responses .
during 2:2 rhythm(upper three traces[K*],=13.173, 13.183, and 13.2 K ]0 (mM)

mM) and 2:1 rhythm(lower three traces[K*],=13.25, 13.3, and 13.4
mM). For a 2:1 rhythm(lower three traces whenx is sufficiently large,
Vmax €quals the resting membrane potential.

FIG. 5. Bifurcation diagram The normalized voltage integréMVI) is plot-
ted as a function of the bifurcation parametgK{],). The 2:1 rhythm is
seen untifK*J,=13.4 mM.

distance of~0.25cm at[K*],=13.173 mM in Fig. 4.
However, over this part of the ischemic zone, the APD firs{ K ]0—13 25, 13.30, and 13.40 miVA still further increase
decreases slightly and then increases, due to the close spatfil K 1o results in period-4, period-6, and period-8 rhythms,
proximity of regions of decremental and incremental conducnd eventually the appearance of subthreshold rhythms con-
tion, respectively. When sufficient space for propagation idaining no action potentialéi.e., complete blockat [K™],
available (e.g., n a 3 cmhomogeneous cable wifk ], =13.6 mM. The sequence of rhythms seen{1s1—2:2
=13.2 mM everywherg this type of very small-amplitude —2:1—4:2—4:1-6:2-6:1-8:2-8:1-2:0-1:0}.
action potential asymptotes towards an invariant waveform
[similar to that seen at&=1.65 cm in Fig. 8a)] as it proceeds
down the cable. Very similar convergent behavior is also
seen in a homogeneous cabld Kt ],=5.4 mM whenl is One usually constructs a one-parameter bifurcation dia-
set to zero andly, reduced to a value just above the critical gram by plotting the steady-state value of some variéabte
value that supports a propagating response. This responseti® maximum and/or minimum value of that varighés a
thus a genuine propagating response, which we have previunction of the bifurcation parametdfK*], in our casg
ously termed the “maintained small-amplitude responde.” However, the choice of such a variable to act as an index of
With an increase ifK*],, the smaller action potential of the state of the system is not obvious when one has a spa-
the 2:2 rhythm attains its asymptotic value \df,, earlier  tially distributed systemsuch as we have heresince one
within the ischemic zone, and the small-amplitude responswould like to have the activity seen at all of the spatial lo-
recovers back to a full-sized action potential later as it leavesations contribute to that index. We thus introduce as our
the ischemic zone(see V., traces at[K*],=13.173, bifurcation index the normalized voltage integrélVl),
13.183, and 13.2 mM in Fig.)4Note that at a givehK*],  which represents the voltage averaged over space and time
the degree of alternation decreases as one moves away frataring the course of one 400 ms stimulation cycle. The spa-
the center of the ischemic zone and out towards either end dfal averaging is obtained by adding together the voltages at
the cablegFig. 3@)]. all 300 grid-points at a given time-step. The temporal aver-
With a still further increase ifilK™"],, there comes the aging is then obtained by adding together these sums for
point where the smaller action potential does not turn into avery fifth integration time-stefi.e., every 0.05 msduring
maintained small-amplitude response within the ischemieach individual 400 ms stimulation cycle. The resulting sum
zone; instead, it decrements sharply within the proximal parbf sums is the voltage integral. The normalized voltage inte-
of the ischemic zone, and eventually dies out within the isgral is then obtained by dividing this voltage integral by the
chemic zongFig. 3(b): [K"],=13.25 mM, resulting in a voltage integral obtained &K*],=5.4 mM.
2:1 response within the distal portion of the ischemic zone  The bifurcation diagram in Fig. 5, in which we plot NVI
and throughout the entire distal normal zone. In the part ofis a function offK*],, summarizes the results described
the strand proximal to the area of block, there is a 2:2 rhythmabove, showing the transition from 1:1 to 2:2 rhythm, and
presenfe.g., Fig. 3b): x=0.75, 1.35 cnh As[K" ], is in-  then from 2:2 to 2:1 rhythm, K *], is increased. The data
creased during 2:1 rhythm, the action potential that is evenpoints with NVI=0.6 during 2:2 rhythm correspond to the
tually blocked suffers a greater rate of decrement within themaintained small-amplitude response seen during that
proximal part of the ischemic zone, so that the site of blockrhythm[Figs. 3a), 4]. Note also the increase in the value of
gradually moves to a more proximal locatioffrig. 4:  the integral for the larger beat upon the transition from 2:2 to

C. Bifurcation diagram
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2:1 rhythm, with NVI=0.8 corresponding to this propagated A ,, Byo
beat during 2:1 rhythm, while N\# 0.4 corresponds to the - -
blocked beafFigs. 3b), 4]. 08 T 08 =
3061 1 06} -
: ; - z 0.4} . 04} .
D. Reduction to a one-dimensional map
In clinical 861 experimenta?,2‘35'62‘67 and 0.2} [K7,=18.0mM | 0.2} [K',=18.16 mM ]
modeling?~2426:27428%y0rk, it has been shown that analysis 0.0 “——————— 0.0t
of the response of a cardiac preparation to periodic stimula- 00 02 04 06 08 10 00 02 04 06 08 10
tion can often be reduced to consideration of a one- or two-C D
dimensional finite-difference equatidgtmap” ). One of two 1.0 T 1.0 L
different approaches is usually taken to extract a one- gl - i 08l - ]
dimensional map. In the first method, one observes an irregu ﬁ .
lar rhythm during steady-state conditions and simply plots = 061 il 061 1 )
some index of the activity on any given béatg., APD as a Z 04t . 04} . .
function of the value of that index on the preceding beat. In [ ] ool ]
the second method, one applies an S1S2 premature stimuli [K',=18.178 mM [K',=13.3¢ mM
tion protocol during 1:1 rhythm, characterizes the premature 09’ = “= = =" =" 0 o 04 08 08 10
beat(e.g., by its APD as a function of the S1S2 coupling NV, o .NVli. o

interval, and then, using certain assumptions, writes down a
one-dimensional map that can be iterated to then predict th&/G. 6. One-dimensional maps at 4 different valueKf'],. Maps pro-
response of the preparation to periodic driving at any BCL.duced by an S1S2 stimulation protocol (SES0-800 ms), as described

H binati f th b i ti lati in the text.(a) [K*],=13.0 mM. The map has only one branch. There is a
ere we use a combination of the above two stimula Ionstable period-1 orbit, corresponding to a 1:1 rhythitb) [K*],

protocols to extract a map. At a givéK ™ ],, from infinite-  —1316mM. A second branch of the map can now be seen at the right.
rest initial conditions, we apply two S1 stimuli at an S1S1There is still a stable period-1 orbit present, corresponding to 1:1 rhythm.
interval of 400 ms, and then inject a single pre- or post-The,“f1 if ”ob_i’e”"d'z Ort;i?ﬂc) [tK;_]?LZﬁSr:&);ir:nM As Iwe“ as the Stakzle
mature S2 stimulus at a variable S1S2 coupling intervaggl')?e p;rrio'dfgoréf;‘t’g;rgcvghegdi goﬁ’rtesponedriig;stzsgzgomﬁ[ﬁﬁ&? a
(range 300-800 ms Following the S2 stimulus, we then [K*],=13.34 mM. There is no longer a stable period-1 orbit present.
apply 30 S3 stimuli at our standard BCL of 400 ms. TheRather there is now a stable period-2 ortaitrowheads, corresponding to
effect of the S1S2 premature stimulation protocol is thus tc?1 rhythm.
change the initial conditions from which periodic pacing at
S3S3=400 ms is started. At each S1S2 interval we then cal-
culate the voltage integral for each of the 30 S3 beats folthe distal normal zone. Thus we have no data points for
lowing the S2 stimulus, and plot each normalized voltage~0.33<NVI;<~0.52.
integral (NVI . ;) as a function of the immediately preceding As [K™], is increased, the map moves downwards and
integral (NV1}). We shall refer to this map as the “voltage to the left, so that the fixed point moves to a lower value; in
integral map.” the simulations, this corresponds to a fall in NVI[&&" ], is
Figure Ga) illustrates the voltage integral map obtained increased with 1:1 rhythm being maintained, which is largely
at [K*],=13.0 mM with this S1S2 protocol, where a 1:1 due to the decrease in the amplitude and duration of the
rhythm is seerfFig. 2(a), right]. A pre- or post-mature S2 action potential within the ischemic zohEig. 2(b)].
stimulus results in a transient episode of alternans, before 1:1 As [K*], is increased further, a second branch eventu-
rhythm is re-established asymptotically. This results in theally appears lower down on the map to the rifty., Fig.
map having a negative slope. There is a stable period-1 fixe®(b): [K*],=13.16 mM), but there remains a period-1 orbit
point on this map at N\40.78, which, in the simulations, corresponding to 1:1 rhythm. With our degree of precision
corresponds to a 1:1 rhythm involving propagation of a(changing the S1S2 coupling interval in steps as fine as 0.01
large-sized action potential, as in FigaR(right). ms), the map effectively has a discontinuity between the two
There is a gap in the map for0.33<NVI;<~0.52.  branches[at NVI;=0.84 in Fig. &b)]. Points (NVI;,
The data point just to the left of this gap is produced whenNVI;, ;) lying on the right-hand branch in Fig(l§ all have
S1S2 is quite short, and corresponds to an action potentiéNVI;>0.84 and NV|,;=0.64—0.67, corresponding to the
that just barely fails to exit the ischemic zone successfullyfact that] K* ], is now so high that a sufficiently large action
(NVI1;=0.33) being followed by a full-sized action potential potential (NV}{>0.84) is now followed by so short a recov-
(NVI,,,=0.86). The point just to the right of the gap is ery time that the following response is only the maintained
produced at a slightly longer S1S2 interval, when an actiorsmall-amplitude responsgNVl;,;=0.64—0.67—see the
potential that just barely manages to exit the ischemic zonemaller of the two responses of 2:2 rhythm in Fig. B
(NVI;=0.52) is followed by a full-sized action potential contrast, should NVIbe sufficiently small (NVi<0.84),
(NVI;,.,=0.83). An increase in S1S2 of 0.01 ifike small- one lands on the left-hand branch, corresponding in the
est increment we have usad sufficient to convert an action simulations to a full-sized action potential (NV4
potential that blocks at the very distal end of the ischemic=0.76—0.86) being preceded by either a blocked beat
zone into one that successfully propagates into and througfNVI;=0.2—0.4), a maintained small-amplitude response
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(NVI;=0.6-0.7), or a full-sized action potential (NVI x (mm)
=0.75-0.84). The slope of the right-hand branch of the map 0 t

is also negative, for a reason similar to that outlined above 100 %MHMM“ 27
for the left-hand branch: i.e., a larger action potential (YVI 0

on this branch will be followed by a smaller maintained ]mmmmmm 24
small-amplitude response (N\M)). As[K™'], is increased, '108

the right-hand branch moves down and to the left, so that the ]} \ \ \ U\ U\ \ \J U N l\ U\ 21
point of (effective discontinuity in the map also moves to '108

the left, 00 }/UUUU\_I\_A_[MM\_A, 18

At [K"],=13.173mM, the map admits a stable =~ "

period-2 orbit, as well as the period-1 orbit just described 100}/UUUU\_[\J_[M\_U\J\_“_L 15

above[Fig. 6(c)]. This period-2 orbit corresponds to an al- ; 0

ternans rhythm consisting of a maintained small-amplitude ]MMMM\_ 12
response (N\A=0.65) alternating with a full-sized action po- '108
tential (NVI=0.82). Each of the period-1 and period-2 or- ] \ I\ Ui\ U\ U\ \ | U\ ) \ \ 9
bits has its own basin of attraction. AK™], is slightly '108
increased, the period-1 orbit disappears, leaving only the Mmh_hm 6
period-2 orbit corresponding to 2:2 rhythm. '108

For sufficiently hig K*],, the right-hand branch of the Mmm 3
map is found to lie much lower down and there is a period-2 N0 =
orbit involving this brancHFig. 6(d): [K*],=13.34 mM. 0 1600 8200 4800 6400
This period-2 orbit corresponds to a 2:1 rhythm consisting of t(ms)
a full-sized action potential (N\#O_BG) alternating Wlth 2 FiG. 7. Conversion from 1:1 to 2:2 rhythm caused by dropping one stimulus
blocked beat (NV4=0.37)—see Figs. 4 and 5. This Vvery from the periodic drive trainThe 1:1 rhythm existed for 100 cycles before
abrupt transition from 2:2 rhythm to 2:1 rhythm occurs whenthe stimulus was dropped, and the 2:2 rhythm persisted for 100 stjthali
the incremental propagation that turns the maintained smallength of the longest integration run that we mafiélowing the resumption

. . . . . . of stimulation after the stimulus was dropped.
amplitude response into a full-sized action potential during
2:2 rhythm[Figs. 3a), 4] becomes decremental conduction
upon exiting the ischemic zone. The abruptness of this trartherefore a globally-attracting period-1 orbit on this map,
sition can be appreciated from the fact that decreasing theorresponding to 1:1 rhythricompare Fig. @) with Fig.
coupling interval by only 0.01 ms in an S1S2 premature6(@]. As[K™], is increased, a second branch, with the same
stimulation protocol suffices to convert an incrementing intoslope, makes its appearar{¢ég. 8b)]. The equation of this
a decrementing response[&*],=13.0 mM, producing ef- branchis NV}, ;=—0.2(NVI;) +0.8, so that there is a jump

fectively all-or-none propagation. discontinuity of size 0.1 between the two branches of the
map [compare Fig. &) with Fig. 6(b)]. Nevertheless, the
E. {1:12:2} bistability period-1 orbit remains globally attracting. An increase in

) ) ) [K™], corresponds to gradually moving the position of the

In all of the numerical simulation results presentedjump discontinuity(at NVI, = @) to the left, leaving the size
above(Figs. 2—3, each simulation run was started from only f the jump unchangefsee also Figs.(®) and Gc)]. There
one set of initial conditions. However, the map analysisgyentually comes a point where a period-2 orbit appears
above predicts that bistability should ocdig. 6c)]. Fig-  (corresponding to 2:2 rhythm which coexists with the
ure 7 shows that dropping a single stimulus from the periodigeriod-1 orbif compare Fig. &) with Fig. 6c)]. With a still
drive train at that exact value ¢K"], (13.173 mM does  fyrther increase ifik * ],, and resultant movement to the left
indeed result in the_ conversiqn of the 1:1 rhythm_ into a 2:2in the position of the jump discontinuity.e., decrease ir),
rhythm, demonstrating the existence{af 1~2:2} bistabil-  the |efi-hand branch of the map eventually no longer inter-
ity. In addition, the reverse transition from 2:2 to 1:1 rhythm gects the line of identity, so that the period-1 orbit disappears
can be induced by the injection of a suitably timed extra-ijy g discontinuous fashion, leaving only the period-2 orbit

stimulus. behind[Fig. 8(d)]. Figure 9 gives the bifurcation diagram of
the piecewise-linear map, with the bifurcation parameter be-
F. Piecewise-linear map ing the location of the discontinuitya) in the map. Asa

Our simulations(Figs. 25, 7 and the NVI mapgFig. ~ decreasedcorresponding to an increase pK™], in the
6) indicate that the sequence of rhythrts 1 alone—1:1 cabte simulations one sees thg t_ransmc_)n from a per_lod—l
coexisting with 2:2-2:2 alone-2:1} is seen agKk*], is orb!t (1:.1 rhythm alone to coexisting period-1 and pgrlod—z
increased. We decided to explore the bifurcation sequencPits (bistable 1:1 and 2:2 rhythmsind then to a period-2
systematically using a piecewise-linear map that is an apP'bit (2:2 rhythm alone.
proximation to the maps in Figs(#-6(c). For[K*], suf-
ficiently low, the map has a single branch, which is the
straight line NV|,,;=—0.2(NVI;)+0.9 [Fig. 8@], which It is obvious that the various rhythms described above in
has a negative slope that is1 in absolute value. There is the cable are largely determined by the properties of the

G. Rhythms in space-clamped membrane
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A, Bio the stimulation current entering any particular isopotential
L - grid-element of the cable is very complicated in shape, since
08 ‘ 1 08¢ w 1 the axial or longitudinal current is proportional #//dx.
<06} - 06 Second, this current changes as a function of position along
> / 4 an inhomogeneous cable. For example, during a 2:1 block in
Z 04} L . 0.4} . . . . S . .
o the cable, a grid-element lying sufficiently proximal within
021 | = a=10 1 02 | 7 «=-09 1 the ischemic zone will show a local 2:2 response, while an
0.0 L 0.0 e identical grid-element lying sufficiently distal will show a
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 local 2:1 responsfFigs. 3b), 4]. This difference in response
must thus be due entirely to the fact that the net longitudinal
C D . AT : :
1.0 ——— 1.0 ———— current (source minus sinkis different in the two grid-
= > elements.
0.8} . 4 0.8+ g . . .
7] ] In an attempt to investigate this problem, we study the
306} : 0.6} ™ response of the space-clamped membrane to periodic deliv-
2 o4l - i 04l | i ery of a 1 mgduration current-pulse stimulus at a fixed BCL
, of 400 ms over a wide range pK*], and pulse amplitude.
0.2p | a=076 1 0.2 |~ a=07 ] At each fixed value of the stimulus amplituf27 xAcm™?2
ool v o I ) N — (~threshold at the nominall[K*], of 5.4 mM) to
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 54 uAcm2, incremented in steps of AAcm~2], [K* ], is
NVI, NVI

i i changed in the range 5—20 mM. At each pulse amplitude, a
. ; +7 .
FIG. 8. Piecewise-linear maps approximating the NVI maps from the cablel'l rhythm is seen whefK™ |, is Sfﬁ'cl'er.]tly low, and more
simulations (Fig. 6)(a) There is a globally attracting period-1 orbit, corre- complex rhythms can appear BS™ ], is increased. In par-
sponding to 1:1 rhythm in the simulatior®) « (the position of the discon-  ticular, a transition from 1:1 to 2:2 rhythm can occur, and
tinuity in the map=0.9. Although a second branch now exists on the map'bistability between these two rhythms can also be seen: e.qg.
there is still a globally attracting period-1 orbit, corresponding to 1:1 . | " A —2 hich is i b ’
rhythm. (¢) «=0.76. There are now stable period-1 and period-2 orbits,at a stimulus Culrent of 30A cm <, which is just above
corresponding to 1:1 and 2:2 rhythms, respectivét). «=0.70. The threshold, andK™],=14.6677 mM, the 1:1 rhythm that ap-
period-1 orbit has disappeared, so that the only stable orbit now present ispears can be converted into a 2:2 rhythm by dropping a
period-2 orbit, corresponding to a 2:2 rhythm. stimulus pulse, producing a waveform very similar to that
shown atx=15 mm in Fig. 7. The similarity of the rhythms
N _ o ) _ and waveforms seen in the space-clamped and distributed
K™ -depolarized membrane within the central ischemic zon€gases thus reinforces the conclusion that the local properties

Aqu_estion that natyrally arises is_whether the response of théf the membrane within the ischemic zone play a key role in
distributed systenti.e., the one-dimensional cabléo peri- determining the overall behavior in the cable.
odic stimulation can then be accounted for by the response of

space-clamped K-depolarized membrane to periodic stimu-
lation. However, this is a very difficult question to investi-

gate systematically for two reasons. First, the waveform of
IV. DISCUSSION

A. The transition from 1:1 to 2:1 rhythm

A transition from 1:1 to 2:1 rhythm is often seen in
o076k ] experimentdf’-18-303%63-67.69-"4nq modeling*®"">work on
ventricular muscle and Purkinje fiber as the pacing frequency
is increased or when some intervention is made that de-
or2l i creases the effective stimulus amplitude or the excitability of
. the tissue, e.g., ischemid, elevation of [K*],.”>"* This
1:1
transition to 2:1 rhythm can be direct or indirect. For ex-
ample, in paced isolated rabbit ventricular cells, the transi-
tion is direct when the stimulus amplitude is intermediate in
size®” In contrast, when the stimulus amplitude is higher or
lower, alternan¥ or Wenckebact’! rhythms are seen, re-
spectively, before the 2:1 rhythm occurs. Similar results are
found in aggregates of driven spontaneously beating embry-
o onic chick ventricular cell§* It remains to be seen in our
FIG. 9. Bifurcation diagram for the piecewise-linear maphe bifurcation model whether changing some parameter other ﬂh@h]o
parameter is the position of the discontinuity in the maps of Fig. 8. Note  (€.g., the length of the ischemic zone, the inter-cellular cou-
that there is a range af over which there is bistability between 1:1 and 2:2 pling within the ischemic zon&, or the basic cycle lengff),

rhythms. The increment i is 0.01. At each value aof, 100 iterations were : : : . . P
carried out from each of 100 equally-spaced initial conditions. The first 96m|ght resultin a direct transition to 2:1 rhythm or an indirect

o\ . . .
iterates were not plotted in each case, to allow time for any transients bransition via Weane_baCh rhythms ajsK ]o IS then_ _'n'
pass. creased. It also remains to be seen whether a transition from

NVI
n
N

0.68 i

0.64 k

070 072 074 076 078 0.80

Downloaded 12 Sep 2002 to 132.248.28.201. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/chaos/chocr.jsp



Chaos, Vol. 12, No. 3, 2002 Triggered alternans 815

2:2 to 4:4 rhythm, and not to 2:1 rhythm, might occur, as hasubthreshold response that is in the distal part of a pathway

been reported in fast driving of toad ventricland Purkinje  displaying decremental conduction. However, our simula-

fiber3568 tions show that this is not necessarily the case, since this
In the cable simulations we report on above, the transiresponse can in fact be a nondecrementing response.

tion is indirect, since alternans is seen before 2:1 rhythm

occurs(Figs. 3—3. In thin pieces of ventricular endocardium

uniformly exposed to highK*],, alternans is also seen be- C. Triggered alternans

. + i ;

fore a 2:1 response occurs [as™ 1o is elevated in the bath- Our simulations show that alternans can be triggered by
ing solution.” The alternans in that case involves two full- 5 pause in stimulation during 1:1 rhythifig. 7) and detrig-
sized action potentials, as occurs within both normal zones i@ered by an extrastimulus. As pointed out earfietroduc-

our casge.g., Fig. 3a): x=0.75 cm ank=2.25 cm. HOW-  {jon) “the sudden appearance or disappearance of alternans
ever, the alternans within the ischemic zone here involves thﬁ)llowing a premature beat has been noted during experi-

maintained small-amplitude responge.g., Fig. 8): X ments on ischemia several tinfe&8 It is not completely

=1.65cm. clear from these studies whether it is the premature beat itself
or the subsequent compensatory pause that is responsible for
the flip from one rhythm to the other. The latter prospect is
supported by the fact that a deliberate pause in stimulation
Alternans is quite frequently seen in the electrocardiocan result in the triggering of alternahsyhich is reminis-
gram or electrogram in the acute stage of myocardial iscent of the pause-induced triggering shown in Fig. 7. How-
chemia, in both clinical and experimental wddee the ref- ever, as already mentioned, the rangd I6f ], over which
erences given in the IntroductiprThere are also recordings the 2:2 rhythm is bistable with the 1:1 rhythm in our model
of the transmembrane potential showing a beat-to-beat alteis so narrow(~0.05 mM in Fig. 9, that one would not ex-
nation in the action potential morphology during ischemiapect to stay within the bistable range [ "], for a very
(e.g., Refs. 3, 6, 8 Indeed, the1:1—2:2—2:1} progres- long time during rapidly evolving acute myocardial is-
sion we see above in the distal half of the cabl¢l$],is  chemia. It is of course possible that the range in the model is
raised is exactly what is seen within the first few minutes oftoo narrow because of some deficiency in the moeg., the
ischemia, with the reverse sequence being seen after tismple elevation of K™ ], might not be enough to accurately
coronary occlusion is then releaseske, e.g., Fig. 3 of Ref. represent ischemjg®-38:39.42:59
3. In another experimerit,the premature beat preceding
The exact mechanisms underlying the ischemic alternangiggering of alternans was quite late, so that the compensa-
seen with any of the above three modes of recording remaitory pause preceding triggering was not very long. Should
unknown. Nevertheless, it is of interest to note that regionathe pause indeed be the cause of the triggering in that case,
hyperkalemia induces alternans and  ventricularsuch a short pause would almost certainly not be long
arrhythmias’® It is not known whether the alternation seen in enough to produce paused-induced triggering of alternans in
the action potential morphology is “primary(i.e., intrinsic  our model. Whereas detriggering of alternans can occur fol-
to the cel) or whether it is “secondaryfi.e., due to electro- lowing a spontaneous premature beat and compensatory
tonic coupling with neighboring regions showing a 2:1 pausé*® or an intentional pause in stimulatira pause
responsg’’? One can make the case for both of these formgluring alternans does not detrigger the alternans in our
of alternans in our model. Primary alternans is seen throughmodel. This suggests that a different mechanism might be
out the cable when there is a 2:2 rhytheng., Fig. 3a)]. In involved in detriggering than in triggering, or even that the
addition, a 2:2 rhythm closely resembling that seen withinmechanism of pause-induced triggering seen in our model
the ischemic zone in the cable simulations is seen in oumight have little to do with the mechanism of pause-induced
simulations of space-clamped "Kdepolarized membrane. triggering during ischemia.
However, the fact that the range[d€ * ], over which the 2:2 More than a century ago, Gaskell suggested that one way
rhythm exists in the cable is so narrofenly ~0.05 mM  to account for mechanical alternans would be if “certain por-
wide in Fig. 5 leads one to the conclusion that primary tions of the ventricle respond only to every second impulse,
alternans might be quite rare during ischemia. Alternans isvhile other portions respond to every stimulu§."One in-
also seen in the cable during 2:1 block over a much widetriguing possibility is thus that the triggering of alternans in
range of[K*], (~0.2 mM); it then occurs throughout the the experiments might be due to the induction of a region of
entire proximal normalK ], segmentfe.g., Fig. 3b): x  2:1 block (which would then result in secondary alternans
=0.75 cm and within the proximal part of the high™],  since it is known that a pause can result in a flip from 1:1 to
ischemic central zonfFig. 3b): x=1.35 cn. Alternans in ~ 2:1 rhythm in the intact ventricfé and in isolated rabbit
the normalfK ™ ], segment of tissue has also been seen in aentricular cell$’ as can an injection of a suitably timed
Purkinje fiber strand wheif&k ], is elevated along a central extrastimulus in isolated ventricular ceffsAn intentionally
8 mm long segment to produce a 2:1 bldek. inserted extrastimulus can also convert 2:1 into 1:1 rhythm,
One interesting finding here is the small-amplitude de-provided that the timing is rigHt’®®suggesting a mechanism
flection seen during 2:2 rhythife.g., atx=1.65 cm in Fig.  that might be capable of producing detriggering of secondary
3(a)]. When such a small deflection is recorded experimenalternans. However, a pause in this circumstance would
tally at one site, the assumption is usually made that this is again not be expected to detrigger the secondary alternans,

B. Ischemic alternans
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since a pause does not convert 2:1 to 1:1 rhythm in isolatetioned above, the only other two instances{af 1< 2:2}
rabbit ventricular cell§’ One can even speculate, should it bistability of which we are aware occur in the mechanical
be possible to flip back from alternans to 1:1 rhythm, thatcontraction of the hedft~8°and in periodic driving of modi-
this maneuver might remove the well-known proarrhythmicfied forms of the space-clamped Beeler—Reuter
effect of alternans. Further systematic experimental work exequation$?2* In the latter case, the behavior is different
ploring the origin of triggering and detriggering of alternansfrom ours, in that the 2:2 cycle is made up of two full-sized
during ischemia is thus indicated. action potentialcompare, e.g., the inset in Figlb4 of Ref.

A flip between high- and low-amplitude ischemic alter- 23 with our Fig. 3a)]. An iterative analysi& was carried out
nans following an extrasystole has been descrifdtiThere  for that case using the APD restitution cu7eThis analysis
is also evidence for this bistabilifyndeed, perhaps multista- can be transformed into consideration of a one-dimensional
bility or neutral stability during mechanical alternans of the (APD, ,APD,,,) map having a single branch of negative
nonischemic ventriclé®8° Thus, by our definition of trig- slope?’*® which is in contrast to our effectively two-
gered alternans, it is important to rule out the possibility thatoranched mapFig. 8c)]. In a differently modified version of
there is a pre-existing very-low-amplitude alternans presenthe Beeler—Reuter model, the iterative approach predicted
[see, e.g., Fig. 3 of Ref. 2; Fig(&® of Ref. 8] before stating that there would be bistability between 1:1 and 2:2
that triggered alternans occurs. There is evidence that the flighythms?3?426due to the coexistence of stable period-1 and
from a lower-amplitude to a higher-amplitude alternans durperiod-2 orbits on the single branch of the maghen the
ing ischemia is due to the conversion of discordant alternanSchwarzian derivative is negative for a unimodal map, there
(alternation 180° out-of-phase at some 9iiego concordant can be at most one stable periodic orfft An unstable
alternans(alternation in-phase at all site¥® While there  period-2 orbit then serves to separate the basins of attraction
have been modeling studies showing discordant alternans iof the stable period-1 and the stable period-2 orbits, which is
nonischemic modef®3tit remains to be seen whether dis- not the case in Fig. (6), where the discontinuity and its
cordant alternans will be seen in models of ischemic muscleyre-image serve that purpose. In the ionic modeling work,
and whether flips between the concordant and discordarithe unstable period-2 orbit arises from a subcritical period-
forms of alternans will be possible. Such flips can be seen idoubling bifurcation that occurs as the bifurcation parameter
a homogeneous cable motfeand in an elegantly simple (the basic cycle lengitis decrease®2®Very subtle changes
phenomenological modéf. in the APD restitution curve can result in the subcritical bi-

furcation becoming supercritical, thus destroying the un-
stable period-2 orbit and the bistabilfy/As in our caséFig.

D. Bistability involving 1:1, 2:2, and 2:1 rhythms 5), the bistability found in the numerical simulations existed

Four forms of bistability involving 1:1, 2:2, and 2:1 only over an extremely narrow range of the bifurcatio.n pa-
rhythms have been describef2:2-2:1}, {1:1-2:1}, rameter(as little as 1 ms of basic cycle Iengﬁ?*z“. This
{1:12:2}, and {2:2,<+2:25} (i.e., bistability between blstaplllty in the space—clampgd system hgs b.een linked with
two different 2:2 rhythmks the bl_stabmty between periodic a_nd qu_aS|per|od|c modes of

First, pulse- or pause-induced flips can be seen betweet}'Stained reentry around a one-dimensional ﬁﬁ(We_ know
2:2 and 2:1 rhythms in isolated rabbit ventricular céls, ©f N0 experimental report in single cells of this kind of bi-

hysteresis between these two rhythfeeggesting the exis- stability. ) B ) ]
tence of bistability has been described in bullfrog Fourth, bistability has been described between two dif-

ventricle® and either a 2:2 or a 2:1 rhythm can be seen in geént 2:2 rhythms in frog ventricf, and a bistability or

homogeneous 1-dimensional Beeler—Reuter cable, depenmultistability_ or ngutral stability bgtween .2:.2 rhythms has
ing on initial conditions’” The existence of thé2:22:1} beeanngSCI’llbed. in the mechanical activity of the dog
bistability is predicted by a simple one-dimensional tWO_h'eart. This bIStabI|It'y has 'also been treatgq in terms of a
branched discontinuous map derived from the APD restituSingle-branched one-dimensional nfégn addition, as de-
tion curve, and involves the co-existence of a stable period-i&iléd above, concordant and discordant alternans can be
orbit on one branch of the map with a stable period-doubled//€Wed as coexisting 2:2 rhythms.
period-2 orbit on the other branch of the nfdp®

Second, {1:1+2:1} bistability is found in frog
ventricle®® in aggregates of embryonic chick ventricular
cells®* in single rabbit ventricular celin the human His— While alternans can be a precursor of ventricular ar-
Purkinje systeni! and in the space-clamped Luo—Rudy rhythmias in situations not involving ischemia.g., rapid
model®” Hysteresis between these two rhythms has alspacing®® long-QT syndromé® administration of anti-
been describetf:646:67.69The{1:12:1} bistability is pre-  arrhythmic drug¥), we are not aware of any reports of trig-
dicted by a simple one-dimensional two-branched map degered alternans in these nonischemic cases. Our expectation
rived from the APD restitution curv&;**%7and involves the s that triggered alternans will show up in these and other
co-existence of two different period-1 points on the twosituations in which alternans is know to occur, once a sys-
branches of the discontinuous Miap>®’ (but see Ref. 66 for tematic search is made.
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E. Nonischemic alternans; alternans control
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