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This Focus issue describes a problem in electrical dynamics which has fascinated generations of
physiologists. There are today so many views of fibrillation that only the rarest generalization can
embrace all of them. Fifty-two prominent investigators collaborate here to present aspects of the
problem in these eighteen articléacluding this introductioptailored for readers whose principal
expertise lies elsewhere. In “The High One’s LayNorse Runes, ca. 80@din remarks, “Much

too early | came to many places: the beer was not yet ready, or was already drunk...” but to this one
we come at very nearly the right time in 1998. This introduction attempts to guide newcomers by
noting the changed or multiple meanings of novel technical terms while sorting the key facts and
ideas into an order that facilitates comparison and contrast with those of a dozen years ago. This
Focus issue is authored by some of the foremost innovators of both theory and experiment in this

area. By assimilating their presentations the reade@hafbscan become well poised to appreciate
and evaluate the definitive evidence expected in the next few yeard998 American Institute of

Physics[S1054-150008)02701-3

The introductory paragraph of many recent papers on
this topic reminds us (see American Heart Association
web site www.amhrt.org/1997/statsthat fibrillation is the
dominant immediate cause of death in the industrialized
world. In the USA sudden cardiac death, usually involv-
ing fibrillation, ends at least 1000 lives daily(1 out of 6
deaths. Probably these hearts were not all as normal as
the victims had believed, but probably 1/4 of them were,
so far as prior symptoms or subsequent autopsy could
detect. For the sake of simplicity, reproducibility, and
hope of quantifiability, in this collection of studies we try
to focus on fibrillation in healthy, normal ventricular
myocardium. Because fibrillation is immediately fatal in
the ventricles, its longest history of successful investiga-
tion concerns not the ventricles but the atria. And the
practical motivation of this problem, of course, derives
from the misbehavior of diversely abnormal tissues. So
we include several contributions to connect this at-
tempted focus to those larger contexts. All but these
bridging exceptions address electrophysiological prepa-
rations as close to “normal ventricles” as could be ar-
ranged, considering that most arein vitro, thus dener-
vated, and in many cases sliced thin and imperfectly
perfused, lacking the natural blood supply. But there are
no infarcts or deliberately imposed random inhomogene-
ities, and few simulated or real pharmaceutical modifica-
tions of normal electrophysiology. These may be practi-
cally important features of myocardium in the clinical
context, but our aim is to understand the nominally nor-
mal case first, if only because it can be clearly described.

3E|ectronic mail: art@cochise.biosci.arizona.edu

These papers were refereed mostly within the same
group of authors. Referees did not accept every paper and
did not agree with everything here printed. There remain
differences of experimental outcome in ostensibly similar
laboratory protocols, differences of preference for theoretical
frameworks of interpretation, differences of emphasis in the
maze of seemingly contradictory “experimental facts” and
of numerical metaphors alluded to in the prior literature, and
differences of outcome after analytical or numerical reason-
ing. As always, where topics overlap the critical reader has
an opportunity to learn by comparison and contrast. We
made a special effort to enhance this opportunity by adopting
a tutorial style, avoiding or defining technical terms, and
cross-referencing each other. | contrib(tbope by embed-
ding all contributions in my own context. As in any other
area of long investigation, special vocabulary accumulates
over the decades. In genetic evolution analogous processes
result in speciation and barriers to interbreeding; efforts like
this introduction aim to promote cross-fertilization by re-
moving some of the barriers. In hopes that it helps for ori-
entation, | try below to provide a perspective on the ques-
tions addressed in this issue by salting their recent history
with notes hopefully clarifying terminology.

This production required a major effort from every au-
thor, from several outside referees, and from our editorial
assistant, Janis Bennett. On behalf of Chaos readers | convey
earnest thanks to all for your diligence and patience.

THE LAYOUT OF THIS ISSUE

First we have contributions focused most closely on ven-
tricular fibrillation in normal myocardium: 2- and 3-
dimensional simulationgBiktashev, Fenton, Gray, Pan-
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filov) and 2-dimensional observation of 3-dimensionalarticle of modest vintage some old snapshots for contrast
experimentgJalife, Witkowski, Bayly). These are followed against present-day advances. Workers in the field carry such
by strictly 2-dimensional experiment€abo, Chen, Kim). snapshots in memory, but cross-disciplinary readers might
Complementing these, several contributions touch applicanot. Thirteen years ago | wrote such a reviéWinfree,
tions to abnormal myocardium: experimeirsvitro (Chen, 1987, stressing fibrillation as a 3-dimensional dynamical
Kim), in vivo with (Janse and without(Bayly) total car- mode of normal myocardium alternative to its usual mode,
diopulmonary bypass, and numero(Xu), deliberately in- i.e., as a spatial pattern of normal response to encroaching
volving ischemia and pharmaceutical alterations. From aractivations, a pattern masked by rather than based on random
experimentalist's point of view most of the numerical experi- parametric inhomogeneities. This review remains both famil-
ments presente@iktashev, Fenton, Gray, Panfilov, Tray- iar to me and sufficiently out of date to provide the wanted
anova, Xu) might be considered to represent abnormal myo-contrast, so | use it here as a benchmark standard of what
cardium in the sense that there are no Purkinje fibel®se was then understood or thought to be understood or at least
importance is stressed klanse, no innervation, and/or no queried, to highlight the clearer views provided in today’'s
rotational anisotropy, that the presumed ionic channeFocus issue.
mechanisms are still undergoing major revisions from year
to year(for example Xu makes an order-of-magnitude alter-
ation of the Luo—Rudy modgland/or that intercellular cou-
pling coefficients are accentuated by 1-2 orders of magnilHE GROWTH OF A RESEARCH AREA
tude(Gray, Panfilov). Then the converse, with an eye to the The 420 citations in this “benchmark” fall off by half
practical motivation behind this puzzle: calculations attempt+q, every 5 years of agéstarting to 12 years prior, reflect-
ing to understand and optimize electrickdibrillation, nec- ing a lag in assimilating new publicationdhe 595 distinct
essarily in at least 2 dimensioriKeener, Krinsky , Roth,  papers cited in this Focus issue include some of those plus
Trayanova.) Finally, a methods paper points to the neces-450 newer. Sorted by time since publication, their normal-
sary future of simulation in this area with a practical algo-jzeq histogram is not distinguishable from the older one, nor
rithm for calculating bidomain electrophysiologiKeener  from the 1000-item reference list of an earlier book on re-
and Bogar). lated topics(Winfree, 1980, graphed on page 45This

All laboratory reports here are 2-dimensional, thoughshape probably combines the growth of research publication
some may favor or even require 3-dimensional i”terpretageneralIy[doubling in every 8 years in mgumulativebibli-
tions such as given in modeling pap¢Biktashev, Fenton,  ggraphy of citably valuable contributions maintained since
Gray, Panfilov.) Bayly seeks a general-purpose algorithm to 1980 (http://cochise.biosci.arizona.edtert/4559 and 4560
characterize the complexity of high-dimensional fibrillation, .more] with a tapering of interest by half for every 12 years
which Chen seeks in the bifurcation sequences known tog¢ vintage. Accordingly, the week “benchmark” was sent to
lead to low-dimensional chaoSabo focuses on propagation pe printer(Nov. 1985 | noted on a long-term calendar that
failure where activation fronts have such short periods thafq |ike to find an opportunity to organize another review by
they cannot adopt the short radius of curvature needed to 98997, after interest in those papers fades by half more, being
around a sharp cornéwith attention to what “curvature”  gyperceded by as many reports then unforeseen. This is it.
means in an anisotropic meditindalife reviews evidence of  glectrical stimulation, fibrillation, and defibrillation are still
the scroll waves expected in thick heart walls, and of unexnot quantitatively understood, and the case in which that may
pected rotors and fibrillation in even the smallest heartsfi st be achievednormal, healthy myocardiustill attracts
Jansereminds us that fibrillation may have quite different |ess attention of experiment and simulation than do illumi-
characters depending on wall thickness and on the preseng@ting aberrations. The analyses in this Focus issue compen-

included in modelsChen shows that fibrillation can start {nemes that stand out in this review are the following.

and continue without them in otherwise normal ventricles. . .
Kim makes the first determined attempt to characterize mee" 'I_'he_z mfluence of parameters for prevention or reversal of
ander in myocardial rotors, but finds their motion so un- fibrillation .
steady that they seem subject to annihilation and creation L. Pharmaceutlgals
events at intervals of only a few rotations, corroborated by 2. Current (_jensny . :
Gray et al. (1998. Witkowski presents a new standard of B. The dynam|c§ of rotors in 2D and in 3D, both models and
resolution in epicardial mapping of fibrillation. real myocar<_j|um . .
For tutorial introductions, readers who want to test the 1. Ballpark figures for orientation
completeness of their background information before pro- 2. Jargon'
ceeding might first want to browse sectionsGabo, Fen- 3. Rotors n 2D
ton, Gray, Jalife, Janse Roth, andTrayanova. While most 4. Rotorg in 3D
of these papers review background, they also present novel 5. More jargon .
research findings for the first time. How can the reader new™ ;-qelfgtri]grl]()sglcal advances for observation of hearts and of
to this area recognize interesting novelty? Partly by notin .
divergences of opinion between these overlapping presenta- Where does this problem stand today?
tions, but maybe more economically by finding in a review In the next few pages | outline these topics, referring in
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boldface by first author to the papers in this Focus Issue, andA.2. Current density

by (author, yearto a hundred others, half of them not men- |5 contrast, wedo know where to begin in the case of

tioned elsewhere in this issue. current density as a parameter modulating dynamics. And
A. The influence of parameters, for prevention or here the need is comparably great. Defibrillation by massive
reversal of fibrillation electroshock may be the best currently available expedient,

Prevention and control of cardiac arrhythmias are cur—but itis crude by any stand_ard. Thgor_etiqal ir_1quiry into the
. gellular biophysics of electrical defibrillation is almost en-
and rough st lecicaton. Uncesianaing, redtngy’ P22 A PO, bes roner S e
and optimizing their gffects Is necessarily a major grovvth ractical electrode geometry, power density is 2 orders of
area for theory. The aim of b.Oth cIasse; of 'Freatment IS to Sﬁwagnitude greater in the few percent of volume most elec-
modify the electrical dynamics of c_ard|ac tissue that it be'.trified than in the leastldekeret al,, 1991, Winfree, 1991a,
_comes__lfass vuInerabIe _to_shprt—penod rhythms and to thell(/Iin and Mehra, 1998, Fig. )4 The power range between
instabilities that end in flbrl!lanon. At present both classes Qf_minimum effectivenes§conductivity times (5 V/cmd] and
treatment are approaphed in a completely and frankly empiri e mbrane damagEconductivity times (50 Vicn?)] is no
cal way, and-not ent_|rely successfully. The present trend Svider. Providing adequate electrification everywhere can
towar(_j electrical devices, away from drugs._ _ therefore entail harmful overdose in some regions, besides
_ Itis not yet known that rotors are prominently involved ,\,,hing down the batteries of implanted devicBitashev
in developed ventricular fibrillation; my impression 8 years reviews some novel low-power alternatives based on isotro-
ago(Winfree, 1991a p. 5Dlthat “nothing like the putative i 1onodomain theory of rotorsee also Winfree, 1990e,
vortices are visible in this first high-resolution movie of a Section 7 and A.3. below
fibrillating epicardium,” seems still valid. But they do seem What is a stimulus? This question sounds so simple that
prominent during the transition to fibrillation, so it is impor- anyone could be forgiven for imagining it must have been
tant to relate pharmaceutical concentrations and electric cutg, o\ ared long ago. But it remains a hot area for both experi-
rent densities to their dynamics. ment and theoryRoth, 1994, and so far as normal myocar-
dial tissue is concerned, theory and experiment still differ
tenfold. The difficulty derives from the facts that myocar-
dium is cellular(a conducting volume segregated by insulat-
A.1. Molecular interventions ing membranes on the scale of hundredths of a mm into
inside and outside connected pathwaytkat the cells are
“Antiarrhythmic” pharmaceuticals of four classes are resistively connected by gap junctions, that they are oriented
licensed by the Food and Drug Administration on grounds ofipers (anisotropig, that their orientation rotates plane by
what seems in retrospect rather indirect inference that thefzﬂane through the heart wali.e., the anisotropy is nonuni-
should prove beneficial. Class (lbeta blockers like isoprot- form on the scale of several mmand most crucially, that
erenol, based on the inhomogeneity theory discussed igyrrent is deliverable only through the extracellular space.
Cabo, in Janseand inXu) have clearly worked quite well  Moreover both cell-scale and tissue-scale electrical disconti-
by insulating the myocardium from sympathetic neuralpyities create voltage inhomogeneities even where bulk cur-
stimulation. But several belated large-scale controlled clinivent density is uniform. The effective stimuli thus might oc-
cal trials of several widely prescribed class | and class lllcur only as “hot-spots,” extremes in the spectrum of
drugs had to be terminated since the late 1980s because usgfiomogeneities, about which we learn little from mean field
were dying three times as fast as matched patients takingpproximations.
placebos. Moorg1999 estimates 40 000 excess deaths/year A related problem is that in the experimental literature
in the USA (100/day due to these prescriptions. Empirical thresholds for pacing, for instigation of fibrillation, and for
selection of new molecules by animal experiments calibratedefibrillation are characterized in ways that remain hard to
by “surrogate endpoints” is not working well in the absence interconvert: local transmembrane current density or poten-
of quantitative theory. tial shift (Biktashev, Trayanova), total energy or current or
Electrophysiologists do not know how to introduce drugvoltage from an electrodéof whatever shape, seldom ex-
concentrations as parameters into the reaction-diffusiomctly specified except in theoretical papersr local extra-
equations used to simulate the electrical vortices. There havgellular current density or voltage gradient as used here. For
been hopeful beginning®.qg., Krinsky, 1978; Zykov, 1984; example, when Knislewt al. (1992 rechecked the bench-
Winfree, 1991b; Starobiet al, 1994; Starmeet al, 1999  mark vision of rotor creation by spatially patterned reset of
but their outcomes have not commanded widespread attemyocardial cells along their excitation-recovery cy(gin-
tion. Though the subject is definitely regarded with the keenfree, 1987 Figs. 4.9a and A2-and the corresponding roles
est interest, | was unable to obtain for this issue a theoreticalf a critical 5 V/cm field(Winfree, 1989a, 199)athey had
analysis of the problem that proved understandable to a see calibrate laboratory stimuli in terms of extracellular poten-
ries to referees. Something new is needed and it is not enial gradients(V/cm on their Fig. 6 whereas the first theo-
tirely clear where to begin. Readers viewing our problemgetical diagramglower left Fig. 4.9a were necessarily cali-
from unusual perspectives may find something unique tdrated in transmembrangA/cm?. These diagrams are
contribute. operationally comparable because both span about 1 to 20
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times diastolic threshold, but the biophysical mechanisms ofvith estimates possible in the bidomain model with accept-
conversion remain uncertain. able choices for its unknown resistivity ratjoolarity did
Along fibers, about 0.6 V/cm of voltage gradient appliednot matter. At benchmark, attempts to understand Frazier’s
extracellularly (Frazier et al, 1988 suffices to stimulate result in terms of a “sawtooth” model fell short of observa-
well-recovered excitable tissue, considered in bulk. The celtion by an order of magnitude, and a comparable gap remains
lularly driven extracellular voltage gradient that excites tis-today despite deployment of immensely sophisticated analy-
sue ahead of a moving activation front is no more than twiceses. Maybe some physical principle is missing. An anatomi-
this size. Such fields induce the 20 mV displacement ofal basis for the “hot-spots” of Winfree and Guilfokd988
transmembrane potential needed to cross the cell’s firingrose in the mm-scale “unit bundles” of Krassowsiaal.
threshold. A field about five times as strong is needed td1990, but while these would repair the order-of-magnitude
initiate a vortex in experiments quantifying the ventricular discrepancy, their physiological reality remains to be proven
fibrillation threshold, or to erase one in attempts to determinéGillis et al, 1996. Roth suggests that an additive combina-
a defibrillation threshold. To interpret these facts in cellulartion of physically distinct mechanisms will be needed to ex-
terms will require bidomain continuum theory and perhapsplain the observed low thresholds for field stimulation.
other devices which are only beginning to appear. At bench-
mark the qualitative idea had developed as follows. On theA.3. Defibrillation by a single brief electrical shock

crude analogy of myocardium to a conducting gel, one could  The mechanism of electricalfibrillation by the classi-
estimate the voltage gradient a few cm from the extracellulaga| rough treatment with a single large direct-current shock,
source, then suppose that randomly oriented cells responghplied from extracellular sources at least several cm apart,
(on average in bulkto that field. In more orderly models, remains still unknown. Issues supplementary to those in-
based on the analogy of straight conducting cylinders emyolved in mere stimulation are that the defibrillating stimulus
bedded in such a gel, the intervening membrane responds bigger, perhaps going outside the domain of validity of
only to currents crossing between these intracellular and inmembrane models, and that the tissue so stimulated was het-
terstitial domains not far from extracellular source erogeneously active, not uniformly quiescent. In 3 dimen-
(Weidmann, 1970 the response is to the divergence of thesjons the Laplacian argument still says that part of the large
gradient, the Laplacian, rather than to the gradient of voltageurrent should cross membranes to enter or exit cells within
(Roth, 1994. A third view was that because fibers in fact a mm or so from the extracellular source, leaving membranes
irregularly twist, turn, branch, and connect through resistiveunstimulated in the larger bulk where current flows sepa-
junctions, current does najet to stay on one side of the rately within the interstitial medium and within the con-
membrane, but is continually repartitioned, depolarizingnected volume of cells. But the fact {s.g., Frazieret al,,
membranes as it crosses even several cm from the extracdl988; Zhouet al, 1995 that centimeters from electrodes
lular source. At any distance from source then, curving fibershere are fields sufficient to stimulate, and they do arrest
are skewered by about the same small fraction of local curfibrillation. During preparation of the benchmark review my
rent density(empirically, around 1/1000resulting in micro-  own attempted analyses in terms of changing orientations of
scopic adjacent patches of hyperpolarization and depolarizdibers and fields in 3 dimensions ground to an inconclusive
tion, some of them apparently sufficient to balloon into largehalt at least because of unfamiliarity with bidomain theory
depolarizations. and because there were no quantitatively reliable figures for
Today Keener, Krinsky, Roth, and Trayanova view  the pertinent resistivities and fiber curvature rates, nor mea-
from different quantitative perspectives the bulk stimulationsurements of thresholds in relation to anisotropy. Things are
of myocardium by electric fields or current. There remainsmuch better today though still imperfectly quantitative
doubt about the mechanisms by which an electric field befRoth, 1994, Section)6Keener, Krinsky , Roth, andTray-
tween remote electrodes elicits or prolongs action potentialanovawork through the pertinent electrophysics in different
(Dillon, 1992; Knisleyet al, 1992; Roth, 1994, Section 6; ways, still obtaining high estimates of stimulus threshold
Roth). The roles of anisotropy, fiber or field curvature, andfrom each physical mechanism separately, but estimates of
electrical discontinuities particularly still need clarification. defibrillation threshold seem closer to reality. Monodomain
At benchmark, it was clear that fields must drive currentionic membrane models such &ktashev's still define
through cylindrical cells in proportion to the external bulk stimuli in transmembrane termgA/cm? or mV displace-
current density or voltage gradient, and that the consequenceeen), necessarily content with loose estimates of the im-
would depend on the angle between field and fiber, but it waposed extracellular fields that would induce such conse-
supposed that fiber wiggliness would largely average outuences. Bidomain models likErayanova’'s are necessary
such distinctions within volumes exceeding several 3nm to provide a quantitative “exchange rate” formula between
Macroscopic results accordingly might depend on averagedxternal V/cm defibrillating fields and biophysically mean-
anisotropy(direction but should not depend on polarity. Fra- ingful transmembrane currents or potential displacements.
zier et al. (1988 reported that stimulation in 3-dimensional At benchmark the microscopic heterogeneity of potential
anisotropic myocardium occurs wherever 0.6 V/cm is exdin a current-skewered cell was thought to subvert a tradi-
ceeded longitudinally or 1.8 V/cm transversely, and inferredional conceptual framework in which tissue is seen as con-
that this corresponds to roughly 4 mA/&rof extracellular  voluted membrane projected to a state space where every
current density independent of directibmhich is incompat-  patch executing normal action potentials traverses a closed
ible with monodomain continuum models, but might agreeloop (narrower, the shorter the perijodnd every rotor maps
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to the area inside the loop executed at that period. Fibrillatheighboring cells, and they all move in a dynamical flow
ing tissue may thus map to a multilayered image. There arsimilar to that of a current-biased uniform patch.
many ways a single stimulus can so distort this state-space The empirical measure of “loop diameter” for such
image that it loses stability and shrinks to uniform equilib- type-0 phase resetting was “whatever extracellular field suf-
rium, ending reentrant propagation. This maydsfibrilla-  fices to create a rotor, in theory by pushing cells across the
tion. One of the simplest ways is modest displacement alonfpop traversed in state space during normal excitation and
the voltage axige.g., Winfree, 1978, Fig. 23¥eener, Sec- recovery.” Membrane models said that this critical stimulus,
tion 3.2. This would make immediate sense if we were deal-S*, should be several times the nominally 1-V/cm field
ing with intracellular electrification(e.g., by a micropipette needed for diastolic stimulatiofe.g., the ratio of 100-mV
uniformly hyperpolarizing or depolarizing each getlut if  loop diameter to 20-mV threshold in the Beeler—Reuter
that current comes from outside, skewering membranes in athodel) This “should” and apparently does suffice for
directions, then this coherent image is shredded to oppositgefibrillation with two orders of magnitude less energy than
voltage extremes on a microscopic scale. Like many theopresent clinical standardVinfree, 1990a, 199)aand re-
rists, | can only think in state-space images, but when in printjuires no such understanding of geographical dynamical pat-
usually with an apologetic note that the postulated displaceterns as sought in this Focus Iss@ections B.3, B.Y But it
ment of the cell's image has to somehow compromise opporequires more uniform fields than can be arranged by practi-
site displacements of its minute parts, and a wistful hope thatal electrode designs, and of course such minimization
someone will figure out how this is effectéd.g., Winfree, leaves no safety margin.
1987, 1989a, 1990e Section 7, and 1991a p,).5Idng and A shock belowS* of course achieves phase-dependent
Borderies(1992 then Krassowska and Né@994 achieved and therefore place-dependent “type 1" resetting. Its spatial
this. Membrane potential displacements directly caused bpattern near a rotor amounts to a systematic geographical
the transfixing current of course integrate to zero over thalisplacement of that rotor. Repeated periodically at the inter-
closed membrane, but their variance does the job. Hyperporals of detected fibrillation, this might constitute a “kinder,
larized patches let current in to discharge the membranaentler” method of defibrillation(Winfree 1978, 1988b,
which enhances depolarization on the other side of the cell990e,Biktashev.) This worked(Kirchhof et al, 1993; Al-
until those patches cross threshold for regeneratively activiessieet al, 1994; KenKnightt al,, 1995 in the sense that a
depolarization, letting in even more current. Taken as an inregion of fibrillation can be entrained to freedom from phase
tegral over the closed membrane, these active potential disingularities(reentry but whether it worked by the mecha-
placements initiated by the extracellular field constitute anism originally proposed remains uncertain.
uniform intra cellular potential that plays the wanted role This dual import of the singular stimulugnducing fi-
analogous to space-clamped transmembrane potential brillation if some region gets a steep gradient thro®jh
models lacking geometry. This vision makes possible an undefibrillating if every place gets>S* or repeatedly<S*)
derstanding of the dynamics during extracellular stimulationcame to be called “the critical point hypothesis” or “the
of each cell as a single point in an abstract state space sucipper limit of vulnerability hypothesis” of defibrillation. It is
as here deployed to good effectBiktashev, Keener, Krin- sometimes contrasted against the earlier “total extinction hy-
sky or in the pre-benchmark defibrillation model of 1978. pothesis” or “critical mass hypothesis” according to which
The latter may also interpret the remarkable observatioithe only requirement is simultaneous activation of most of
of Dillon (1992 that within msecs every patch of tissue in the muscle maséwvith no specifications regarding area, vol-
heterogeneously fibrillating tissue exposed to a defibrillatingume, or shape of the exceptignBut to my mind they are all
field, regardless of its initial phase in the 100-ms cycle ofaspects of the same idea, viz., the benchmark jmw 135—
fibrillation, resets to the beginning of that cycle and synchro-138 that intensity >S* must be realized for a few ms
nously executes a 100-ms action potentj#lnisley et al.  throughout the fibrillating volume, leaving no pockets big
(1992 made a similar observation in non-fibrillating tissue. enough to hide a rotor and without creating new singular
Described in the simpler concepts of the later benchmarlpoints or vortex filaments better isolated than that where field
review (Fig. 4.9a or of Grayet al. (1998, this resembles the inhomogeneities steeply fall throudd. (For a view from
“type O phase resetting” that plays such a central role inFall 1988 with 3-dimensional implications, see Winfree,
creation and destruction of phase singularities. Suppose th4890e Fig. 26-11 Some statements of this hypothesis in-
during fibrillation membrane is found only in the rotor’s spe- clude the idea that there is an “isoelectric window” of at
cial area of state space and along its bounding loop traversddast some tens of ms after extinction of fibrillation before
by fronts propagating away from rotors at that short periodnew critical points blossom into renewed fibrillation. This
Then to erase all such “reentranfuninterruptedly circula- remains controversigWitkowski and Penkoske, 1990a and
tory) patterns, uniform electrification by little more than b; Chenetal, 1991; Ideker, 1991; Walcotét al, 1996;
about a loop diameter should suffice. During field stimula-Kwaku and Dillon, 1996; Grat al, 1997 so its absence
tion the cell membrane’s image in state space is shredded should not be used to exclude the central idea.
opposite directions by transfixing currents, but an integral  Roth (Fig. 10 and Trayanova explore the role of con-
over the membrane defines an intracellular potential whicliinuously changing relative orientation of fiber/field in an
behaves as though the cell were uniformly char@iéths-  ionic bidomain modelTrayanoya provides a model of ex-
sowska and Neu 1994During this time it still has a repre- tracellular defibrillation by analyzing not gap junction dis-
sentation as a single point in state space alongside those obntinuities, but fiber/field orientation quantitatively and ex-
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hibiting an instance of rotor exorcism in a bidomain with cell or “cross-field stimulation” (Biktashev, Chen, Jalife,
membranes that follow a realistic ionic mechanism. At firstRoth, Travanova). This last name, as originated by Dav-
glance the result might look like the method illustrated in theidenkoet al. (1991) and Pertsowet al. (1993 seems to con-
laboratories of Mehr#1984), Mehra and Santdll999, and  note at mostperhaps not everone “field”: the refractori-
of Bonomettiet al. (1999: a pair of rotorg(similar to Tray- ness gradient behind an S1 activation front. The name
anovads single rotor near a no-flux barrjehas its rotation mutated with the protocdffrom “crossed gradients)’but it
obstructed by an activation propagated from a stimulus eleds not clear that the stimulus field & play any important
trode into the narrow common pathway between them just imole, but extreme curvature of the front probably does, also
time to collide and annihilate. These experiments requiredn contrast to the original version. Just as in Wiener and
careful placement of electrodes and timing of the stimulusRosenblueth(1946, this protocol imposes a mere pacing-
In contrast,Trayanova does it more in the style of erasing size localized stimulugalong a bipole-pair of long wires
multiple rotors in a chemically excitable medium by illumi- extending down the timing gradient from refractory to excit-
nation. A 10 ms pulse at 19 V/cm directly deforms the rotorable regiony to initiate opposite-going activation fronts.
by a field effect independent of gap junctions and indepenTheir critically curved endpoints at the refractory zone race
dent of propagated activations. My interpretation is that thisapart at the speed of propagation then presumably rotate as
shock displaced the rotors’ image in state space by more thahe tips drag behind and become rotors. This is more like the
half the diameter of the excitation-recovery loop, thus kick-1985 chemical experiment, with barely trans-threshold
ing the rotor off its stable vortex in the standard excitation-stimulation along a line, except that front curvature plays a
recovery loop, whereupon it vanishes while its image col-crucial role and the redundant mirror-image part is now not
lapses in state spa¢see Winfree, 1978, Fig. 23However, occupied by tissue. In any case, these several namewoare
this is not explicitly graphed in the bidomain computation consistently used or distinguished in recent literature.
shown here, and should be checked. At benchmark, the design for such experiments antici-
This method does not require careful timing or place-pated outcomes systematically ranging in concentric rings
ment of electrodes. It only requires that the local field shouldrom fibrillation to no response, around a “phase singular-
exceed (as Trayanova's does by at least a factor of 4 ity” or “singular point” (mutated in citing literature to
roughly S* within an area linking every rotor to one of op- ‘“critical point” by Frazier et al, 1989 on a plane describ-
posite handedness or to the boundary. This numerical expering possible stimuli by time and size. The top of the central
ment is noteworthy because the usual demonstration of rd®black hole” or “bull's eye” of fibrillation has come to be
tors in an ionic model of myocardium completely neglectscalled the “upper limit of vulnerability.” Such experiments
the extracellular medium, and sannotrepresent defibrilla- have since appeared, using diverse methods and prepara-
tion by extracellular shock. Though 19 V/emi0 ms may  tions, and all show the anticipated target pattern with upper
seem a big shock compared Krinsky's estimate of 14 and lower limits of vulnerability(Winfree, 1983; Winfree,
V/cm longitudinally at 4 ms, or to laboratory experience nearl993b with figures from Shibatet al., 1988; Frazieret al,,
5 V/cm for 3 ms(ldekeret al, 1991; Winfree, 1991a p. 512; 1989; and Davidenket al, 1991; and Fabritzt al, 1996)
Knisley et al,, 1992, this is the first time any extracellular In contrast,Chen stresses that the onset of fibrillation is
shock has been quantitatively shown to do the job in a bioprobabilistic: no threshold can be strictly defined. It should
physical model. The target is clear and theory is converginglso be noted that the vulnerable phase single-shock electri-

on it. cal “ventricular fibrillation threshold” is really a threshold
only for creation of rotors and onset of tachycardialife
A.4. Electrical induction of VF argues that this may be the same thing in 2-dimensional situ-

ations: some kinds of fibrillation consist of a single rotor.
Geometrical thresholds for transition to 3-dimensional fibril-
éation are discussed below.

To induce fibrillation deliberately, electrical pacing at a
very short or shortening rate sufficé3anse Bayly.) The
mechanism is not yet quantitatively understood, but ha
something to do with the instability of very short-period ac-
tivation fronts.

Electric shock will also induce rotors by the simpler B. The dynamics of rotors in 2D and 3D
“pinwheel experiment protocol”(Roth, 1998 or “crossed
gradients” protocol of benchmark antiquity as done in a
chemically excitable mediunWinfree, 1985, Fig. 12.19
calculated from a cardiac ionic mod&Vinfree 1986, p. 9%, It helps, for orientation, to begin with an awareness of
and executed in ventricular myocardiufshibata et al, the dimensions and magnitudes of a handful of prominent
1988; Witkowskiet al., 1998h. This was designed to test the entities, at least to order of magnitude. One is the dimension-
notion that a phase singularity of predictable handednesess ratio,0(10°), of squared propagation speed times acti-
must arise where gradients of phase and of effective stimulugation rise time to the gross macroscopic electrical coupling
intensity (whatever its cellular mechanism may)beross coefficient, D. Another is the “quality factor” Q
through a critical pair of values. It was repeated with radial=0(10%), the dimensionless ratio of rotor period times
or mirror symmetry in several laboratories under new namesquared propagation speed to the electrical coupling coeffi-
“S1-S2 protocol” (Xu), “twin-pulse protocol” (Biktashev, cient,D. It then follows that the dimensionless ratios of rotor
Frazieret al, 1989, “twin stimulus protocol” (Biktashev), period to activation rise time, and of rotor wave train spacing

B.1. Ballpark figures for orientation
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(period times speedto the critical radius of curvature netics were slowed by factor skl and all components @
(D/speed) for a viable nucleus of expanding excitation, ar@vere magnified by mag-1 then the outcome from simulat-
both O(107). ing such a heart of sizel (e.g., using dog anatomical data

A few dimensioned numbers are also helpful for orien-would be the same as from computation with normal param-
tation. The “coupling coefficient” alias “electric potential eters on a smaller heart of siz¢/mag/slo that beats slo
diffusion coefficient,” D, is probably about 1 cAs along times faster(e.g., rabbit After such a model's time and
fibers and 10* cnm?/s transverselythoughCabo uses twice  space units are chosen to match laboratory propagation speed
this along fibers an@fenton uses twice this transversely, and and rotor period, the reader still needs to ask what these
Gray and Panfilov use much larger valugsin normally  ratios were, whether they were consistently used, and what
excitable media propagation speed is accordingly about 7the consequences are. For example, selectively exaggerating
cm/s along fibers and 1/3 that transversely. Rotor diameter igansversd® (as in 3-dimensional models that neglect anisot-
about 1 cm along fibers or 1/3 that transversely or transmuropy) makes the heart wall disproportionately thinner electri-
rally, which is close to the observed threshold thickness forally, so a superficially 3-dimensional model may in fact be
fibrillation. (Jalife suggests these estimates should be adfunctioning 2-dimensionally.
justed downward for his mouse heart¥he corresponding
area is close to that of the smallest hearts able to sustain
rotors. Rotor period is about 16 s, activation rise time is
about 103 s. The macroscopic singular stimulus intensity,
S*, seems about 5 V/cm of extracellular fiétsr 20 mA/cn?
current densityneeded to create rotofgus quantifying the A collection of near-synonyms throughout this Focus is-
ventricular fibrillation thresholdor to erase therfthus quan-  sue describe the rotors resulting from such symmetric elec-
tifying the local requirement for defibrillatio{Winfree, trification. Following a related usage in cardiologfor
1990a; 1991a; Knislewt al, 1992.) S* is the stimulation paired vortices on the epicardium, whatever may be the
threshold(about 5 times diastolic threshgldt the stage of mechanismthe pair is sometimes called “figure-of-eight re-
recovery called “the vulnerable phase.” Traditional use ofentry” (e.g., in Chen.) Their pivot points were originally
gross extracellular field intensities to characterize electricatalled “phase singularities”, and the diffusion-integrated
thresholds independent of fine anatomy is, of course, purelgm-size areas around them were called “rotof&Vinfree,
empirical. The assumption is that any block of tissue some97§. At benchmark, naming conventions still distinguished
mms in diameter presents fibers in all possible orientations tamong alternative hypothetical mechanisms with distinctly
the field and so will respond in the same way as any othedifferent characteristic behaviors. For example, the mecha-
block when the gross field intensity is the same. Maybe ihism of Wiener and Rosenblueth946 involves an inexcit-
would be better to use 3 V/cm transverse to fibers and @ble obstacle, thus fixing the reentrant source in place with
Vi/cm along fibers, but at the present stage the mean is uséddiosyncratic period longer than the rotor’s; Garre{1924
indiscriminately. Big stimuli achieve threshol along a mechanism is restricted to a blockable 1-dimensional path;
surface of large area far from source. Smaller stimuli maythe “leading circle” of Allessieet al. (1977 has a shorter
not achieve it at all, but achieve the lower threshold forperiod than the rotor, having no excitable gap. Any such
stimulation in a tiny area close to electrode, which, repeatethechanism of reentryuninterrupted circulation of an im-
at critically short intervals as in the experimentsJainse  pulse radiates a “spiral wave” or “reverberator” into an
may create rotors by another mechanism which remains to bedequate area of surrounding tissue. Of course, laboratory
modeled convincingly, perhaps some such mechanism as rpreparations are seldom that large unless cell-cell coupling is
viewed byXu. weaker than suggested aboy@elgadoet al, 1990; Dav-

Readers looking for quantitative consistency should takédenkoet al,, 1992; Pertsowet al, 1993 so one seldom sees
warning that numerically specific prediction is new to this more than a slightly curved segment of activation front spas-
area. Discrepancies as small as twofold between observationsodically circulating around an irregularity. These distinc-
or about fivefold between experiment and theoretical expections have become blurred in recent years, so that now “spi-
tation are still considered encouraging. For examfdleen-  ral wave” often refers not to such a wavghich is not
er's model, invoking only the influence of gap junctions, present but to the source, the rotor, which presumably
estimates 5 V/cm X 10 ms) needed for longitudinal stimu- would develop an observable spiral in a larger tissue. “Ro-
lation of quiescent tissuéc.f. 0.6 V/cmx3 ms reported by tor” has also come to mean any and all possible rotating
Frazieret al, 1988 and Biktashev takes 10 V/cm as the source mechanisnidalife). It may even be true that “spiral
defibrillation criterion (c.f. 5 V/cm above. Panfilov and  waves are usually called rotorgRoth, referring mainly to
Gray simulate propagation with 2 to 20 times the longitudi- simulations, since spirals are hard to find in normal myocar-
nal D value suggested above and 5 to 50 times the transverstum. Xu initially conforms to this broadened meaning but
value. The importance or unimportance of such choices refinally recommends that it would have been more useful to
mains to be clarified. It is usual to take liberties with theseretain the original distinction&otor=a rotating source with
parameters, especially in assigning units to dimensionlesaction-diffusion mechanism, spiral wava wavefront re-
abstract models, because, modulo a rescaling of time amsembling a spiral, from whatever sounc@ost-benchmark
space, normal parameters are equivalent to abnormally largéterature also renamed “phase singularity” to ‘“critical
D and slower kinetics. If all aspects of local membrane ki-point,” and “vortex” became a common substitute for “ro-

B.2. Jargon
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tor” and even for “rotor & surrounding spiral wave;” how- ample, for ocean tide maps—hbut so far as | know it remains
ever, Grayet al. (1998 and Witkowskiet al. (1998h revert  unsolved. For example,Chen Fig. 3 shows closed-ring
to benchmark terminology. color bands and closed-ring contours inside individual rotors.
Readers unfamiliar with convention in this area shouldThis misrepresents even the topology of the underlying reen-
also stay alert to the distinction between two common kindgrant data(not shown. Pointillist color coding of data as in
of map of the heart surface. Both are “epicardial maps” butChen Fig. 6 andKim Fig. 1 is more faithful to reality.
they are intermingled and their contourings are topologically  This locus where isochronal contours converge to termi-
different. One kind presents in each of a series of snapshotgte is the “path of the tip"(Biktashev, Kim) or rim of the
an instantaneous contouring of local membrane potential, agetor or vortex or core. Like “electron,” such areas are
sayed by an array of monopolar electrodes or at bettemamed for behavior observed outside them while nothing
resolved pixels recording the fluorescence of a membraneslear is observed inside. There remains some uncertainty
bound dye(Bayly, Jalife, Roth, Witkowski), or computed whether the tip of the circulating wave front runs around a
from a reaction-diffusion mode€Bayly, Biktashev, Fenton, small disklike area, elongated about 3:1 by local fiber anisot-
Gray, Panfilov, Trayanova, Xu). In such maps all contour ropy (or 2:1 in Fenton, Panfilov), or lashes back and forth
lines must be closed rings unless interrupted by a boundarglong a narrower near-discontinuitBiktashev, Fenton)
There are no internal endpoints. Contours, most congested that looks extra-long only when it happens to align with the
the activation front(rapid depolarization are shown at in- fibers. This is called an “arc of conduction block” or “arc of
tervals spanning the full range of the action potential. If ac-functional block.” There seem to be two kinds, not distin-
tivations repeat at intervals longer than 200 ms, the actioguished by name: one parallel to contours, as when part of a
potential’s flat plateaudsystole”) shows as a wide feature- front fails to continue as naively expected, and one at which
less region followed up by close-spaced contours where rezontours terminate perpendicularly, circulating around it as
polarization leads to another featureless plain of quiescencaround a hole. If the raw data are made isotropic with the
(“diastole”). At intervals of 100 ms or shorter, however, help of an image processédilating the picture by the ob-
there is no plateau, repolarization is more gradual, and thergerved speed ratio transverse to fibérsometimes appears
is no region of quiescence at resting potenfllitkowski  that contours equally faithful to the data might be drawn
and Penkose, 1990; Dillon 1992; Salastal., 1994; Kwaku  more symmetricallyi.e., fitting a small disklike argebefore
and Dillon, 1996. restoring the data with contours to their native anisotropy.
Pictures in the other formaBiktashev, Cabo, Janse It is also possible, in principle, to flag an area as “rotor”
Panfilov) are typically intermingled, displaying only the withoutlooking outside. In that area a second local variable
single half-contour along which the potential changes mostof state(e.g., potassium channel conductivity, independent of
rapidly in time. Such an event may be detected as above, anembrane potentiahas a characteristic pattern. Though this
using bipolar electrodes to record the time when an abruptariable might not lend itself to direct observation outside
voltage gradient appeared more or less along their directiomumerical experiments, it can be deduced during observation
(Note that fronts passing perpendicular to the bipole are inby on-line inference from the time course of the one observ-
visible) This is the activation front, where isovoltage con- able’s spatial pattern. | have done this in chemically excit-
tour lines are most congested spatially. It is displayed sucable media(Winfree, 1993b; Winfreeet al, 1996 but its
cessively at 10 or 20 ms intervals on a single map spanningnplementation in CCD movies of myocardial rotqi/in-
the cycle duration of such tachycardia, then the next mafree 1994& would require noise-free resolution somewhat
carries on though the next cycle. In such maps contour linebetter, even, thalVitkowski has recently made feasible.
need not be closed rings. In a vortex a full cycle of them  Measures of rotor or core area are still diversifying: the
must terminate in cyclic order at a pivot poifijphase sin- area inside the envelope of all perpendiculars to the wave
gularity”) or on a closed locugim of rotor or arc of con-  front, the area circumscribed by the moving point at which
duction block around which activations circulate. Such the contour of threshold voltage intersects its recent position,
“isochronal” contours are made by erasing half of the iso-the area in which the magnitude of the cross-product of local
potential contour wherdv/dt<0, e.g., inBiktashevFig. 11  state-variable gradients exceeds some threshold, the smallest
andFenton Fig. 17a. If only the time of a large deflection is confined area in which periodic rotation can persist, etc. The
recorded at discrete bipolar electrode sites, electrodes or ttenall area in which fluctuations of the diffusing variable or
space around them are often color-coded for event time iof one of the non-diffusing variables are less than 10% or
either of two topologically distinct ways. The traditional 30% (etc) of that observed elsewhere is sometimes called
spectrum runs from red to blue fdr, to T, with a color  “the center of the core.” In confusing contrast, “the core of
discontinuity where one cycle joins the next. The color-the core” means a huge area: in abnormally depressed media
wheel style introduced in Winfre€1983, 1987 joins T, to  the inner tip(“rotor” ) of the spiral wave traverses at propa-
T, through purples because phasphase. In lieu of colors,  gation speed an arbitrarily long circular path around an enor-
isophase contours may sketched by hand between electrod@sous lake of quiescence. In this way also “rotor” and “tip”
Sometimes this is attempted by software, but never correcthybecome interchangeable terms, then we hear of “rotors”
the algorithm necessarily draws closed rings as though commoving at a goodly fraction of propagation speed when what
touring single-valued elevations, then the resulting picturds really observed may be the edge of an activation front
misleads fundamentallySince 1985 | have been drawing confined between refractory walls. If the walls then vanish,
this problem to the attention of software makers—for ex-the dangling tip may then round up teecomea rotor and
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desist from its former traveléXu; Courtemanche, 1966. recovered and fully excitable steady-state, others say the core
A leading laboratory in experimental observation of car-remains depolarized or not activatédu), others say it is
diac rotors achieves a record minimum by defining the corerregularly invaded(hyper-meandej?or invaded regularly
as the area of anisotropic medium within which the circulat-more than once per cycle during biperiodic meander. This
ing wave tip can be felt more than on¢avice) per cycle, term “meander” was coined in 1973 to mean ostensibly ran-
which could be no area at all or a disk with diameter no moredom wandering of th€chemical spiral’s center, and was
than a few 1 mm passive space-constants. Their experimentstill so used in Courtemanche and Winfreg991), Courte-
result is 13.5 mrhin sheep ventriclegJalife). Their corre- manche(1996, and inBiktashev. But it has also evolved to
sponding assay in mouse ventricles was 3.3¢mndicat- mean the quasiperiodic special case observed in parametri-
ing that something is indeed electrophysiologically quite dif-cally depressed membrane mod@hinfree, 1991b; Efimov,
ferent in this preparation. One candidate is the long plateast al. 1995; Fenton). It should also be remembered that all
phase of the cardiac action potential. With essentially naxploration of meander is confined to 2-dimensional con-
conduction time in such a small heart, nor long distances fotexts. The only study of meander in 3 dimensions prior to
muscles to contract in systole, the mouse omits this custonfenton (Winfree, 1994c, 1996 concluded that the 2-
ary time delay(Witkowski et al,, 1997. It can accordingly dimensional case is probably ungeneric, being equivalent to
support reentry at 50-60 ms intervals, far shorter thara meandering 3-dimensional filament constrained to retain
known in larger mammaléMorley et al, 1997. The dimen-  perfect synchrony along its length, which is unphysical be-
sionless quality factorQ=speedxperiodD of rotors in  cause the filament’s local curvature and twist alter the style
those larger hearts is two- to threefold larger than common if local meanderKim tries to observe in the laboratory such
other excitable medi@which also lack the idiosyncratic pla- meander as seen in idealized 2-dimensional models, but finds
teau phase of myocardiymbut in the mouse thi® is more  that the rotor in thin myocardium is slapped by an activation
typical at(13 cm/$2x0.055 s{presumed 1 cifs)=93. front as often as every 2-3 rotations, whereupon it at least
Rotor area is commonly estimated from isotropic theoryjumps aside(Cabo, Section IlIQ or, according toChen,
as roughly the square of its nominal 1 cm diameter in mamKim, and Leeet al. (1996, is somehow destroyed. Only a
mals larger than the mouse(being 0.1s period couple loops of the anticipated meander flower can be traced
X60 cm/s speed?), or /4 as much to round the square to a between these discontinuities.
disk with  perimeter equal to the spacing | used the word “spacing” above where the theoretical
(=periodxspeed) between turns of the spiral radiating fromliterature of spiral waves often uses ‘“wavelengttig.g.,
the rotor. This speed being implicitly the fast, longitudinal Panfilov) because in cardiology “wavelength” means
speed, area is threefold less in anisotropic media with trangropagation speed times the duration, not of the whole cycle,
verse speedsand therefore rotor proportiongompressed but only of the fully depolarized phase of the action potential
threefold transversely. This anatomical arggeometric (e.g.,Gray, Janse) These terms were seldom distinguished
mean spacing/4=, would be 25 mm Lee et al. (1996 at benchmark, because many still believed that spiral waves
measure it as 25—29 nfinand Kim shows similar results in myocardium have no “excitable gap:” The action poten-
during meander. These measurements seem compatible witlal duration was thought to be the whole cycle. This belief
the report byJalife that the 100 mrharea of their mouse stemmed from thinking of 2-dimensional reentry in terms of
ventricle can be induced to support one or two rotors, an@ pulse circulating on a shrinking 1-dimensional ring or in
almost compatible with their repof#lorley et al, 1997 that  terms of the Wiener and Rosenblueth 2-dimensional model
in a mouse left ventricle of area 20—30 rhtwo rotors per-  of 1946 (which omitted diffusion of electric potentjalor in
sistently sustain fibrillation. As they report, if this perfusedterms of reaction-diffusion mechanisms selecting rotor pe-
heart is normal then their observation ends 80 years adheriod at the tangent to the dispersion curve of speed vs spac-
ence to the fiction that such small hearts do not sustain filng (thus at minimum periogl At least until Winfree(1978,
brillation. For example, Salamet al. (1994 report guinea many thought rotors adopt the shortest possible period at
pig hearts must exceed 2.5 gratft. mouse 0.1 gramto  which their medium could respond. This impression may
support reentry. This would be about 320 ffsf. mouse have affected perception of myocardial vortices, which at
100 mnt.) benchmark were still considered to have no excitable gap,
These observations focus attention on an unanswereglven though Allessiest al. (1973 showed about 30 ms
guestion of physics. Suppose an isotropic medium supports 1/3 cycle of excitable gap in 100 ms atrial rotors. When a
10 mm rotors, therefore 203 mm rotors in the 3:1 aniso- substantial gap was noticed in ventricular vortices, it was
tropic case. What would the corresponding dimensions be irmputed(Frame and Hoffman, 19840 the peculiar electri-
a coupled stack of such layers, with the fiber direction rotatcal anisotropy of that preparation, despite the facts that even
ing 90° in little more than 1/2 mm of depth, as in the mousein the absence of anisotropy such a gap occurs around rotors
heart wall if it conforms to the architectural standards of(i.e., in solutions of the electrophysiologist's reaction-
larger mammals? 2010? 3x3? This might be answered in diffusion equatioh and that (in monodomain continuum
a computation likeBiktashev's Fig. 12,Fenton’s Figs. 12 or  theory uniform anisotropy of arbitrary magnitude has no
16, or in one likePanfilov's Fig. 8, where the right wall's influence on temporal behavior, thus on gap duration. In
thickness seems compressed by rai§h¢p about 50 times other words, such interpretations rejected the electrophysi-
nominally normal 0.1 cris. ologist’'s standard models. However, it now appears that
Some authors say the “core” is the area staying at fullymodels were more reliable in this respect than originally
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thought: Except in cases of marginal excitability, reaction-some other front intruded, resulting in another rapid dis-
diffusion models seem to select rotor period near the tangemlacement. During such irregular reentry, the spacing be-
to the speed vs period cury@/infree, 1991brather than to  tween successive fronts fluctuated dramatically: there was
the speed vs spacing curve. This means the rotor does nasually an excitable gap, but its width was unpredictable.
have the minimum stable period. While this empirical gen-There was seldom for long any such definite periodicity as
eralization about period selection in reaction-diffusion mod-commonly expected from less complicated membrane mod-
els has been confirmed neither analytically nor in any experiels, nor any extended or persistent “spiral waves.” There
mental systentin fact, almost all experimental publications were commonly multiple segments of wave front dragging
show the dispersion curve ending at spiral period, | thinktheir endpoints along refractory walls, sometimes to a quiet
simply because shorter periods were not triéddoes guar-  death such aBayly Fig. 4. These features can be seen, for
antee an excitable gap, and in fact myocardium observablgxample, in Courtemanch@996, and are high-lighted in
does have “spacing” well in excess of “wavelength” at the color in Winfree(1993a, pages 671 and AR0hey seem to
period of rotors. This may be related to a phenomenon thatesemble the key features observed by Geagl. (1998, by
seemed inconceivable in our benchmark time capsule: thgim and byChen in epicardial slices, as also reported from
entrainment of a small area of fibrillation to periodic stimuli their laboratory by Leet al. (1996.

(Bayly; KenKnightet al, 1993. The connection may be ca- Something was overlooked in those 1987-8 ionic model
pable of further clarification: during fibrillation in myocar- movies because they did not employ pacing faster than rotor
dium as opposed to models, the very concepts of action pgeriod nor introduce obstacles, nor attenuate excitability far
tential duration and of excitable gap become surprisinglybelow normal. That was the failure of sustained activation

elusive. where a barely propagating front diverges around a micro-
_ _ _ scopically sharp corner, reported about the same time in an
B.3. Rotors in 2 dimensions FHN-like model(Pertsovet al., 1990; Winfree, 1990d; Pan-

At benchmark, it was not known whether a detailed ionicfilov and Keener, 1993then in myocardial thin layer&Cabo
model of myocardial membrane would support rotors ofét al, 1994 and 1996.This provides another way rotors can
plausible size and period. This was first tested using isotropib€ born into a continuum formerly dominated by short-
monodomain continua with Beeler—Reuter membrafe- period activation from some remote source. If the period
free, 1989a; Courtemanche and Winfree, 199lhe main becomes enough shorter than the rotor period in the same
results were that the period is twofold too long, that frontsmedium then the incompletely-recovered medium just ahead
break up even in fully excitable parametrically uniform 2- of each front is barely excitable, and if excitation must
dimensional continuga phenomenon never before been seerspread around a sharp enough corner, so that a critical front
in such computations nor in chemical megithat rotors are  curvature is exceeded, then propagation fails and the activa-
rare in comparison to activation front edges cruising neation front is left with a tip dangling so far from the boundary
Mach 1 along “slow repolarization fronts”, and that rotors that it has space and time to develop into a r¢@abo, Xu).
seldom last long enough to exhibit familiar meander. Even a  Cabo reviews experiments in thin slices of sheep epicar-
decade later it is still unclear which of these surprises repredium, modeled on prior analogous experiments in chemically
sent new insight into real myocardium, and which represenexcitable media, aimed at checking such consequences of
the defects of pre-benchmark ionic models. HBiltashev ~ sharp activation front curvature. Fronts in critically inexcit-
and Xu extend and improve such calculations dwth and  able tissue do actually “tear loose” from tissue edges where
Trayanova extend them to anisotropic bidomain continua. the boundary sharply turns away from the advancing front. A

The first models showed that something like rotors do inrotor is thus created at the dangling end of this activation
fact arise, with roughly the size and period expected fromfront, where its curvature exceeds critical. This concept of
back-of-envelope physics and from prian vivo experi-  “critical curvature,” introduced by Zykoy1980 with myo-
ments, but their most instructive result may have been theardium in mind, intrigued only theorists for 15 years before
unexpected irregular lashing about of the tip of the activatiorit found its way into the electrophysiological laboratory. In
front. Not all tips formed rotors: More commonly they the setting of anisotropic epicardium it becomes troublesome
cruised at almost normal propagation speed along the edg@s ways that have occasioned complicated discussion in the
of “slow repolarization fronts,” so that the activation map recent literature. The idea is that excitation from a suffi-
often contained several disjoint segments of front boundediently convex wave front diverges so much that it thins
by such cruising end€Courtemanche, 1996These may be below threshold and fails to excite the surrounding medium.
artifacts of the unrealistically steep restitution curve of theSo a tiny disk of depolarized tissue simply executes its action
Beeler—Reuter ionic membrane model, unlike the reproducpotential in place without expanding. How tiny? In the case
ible subset of the seventy-some such laboratory curves | hava marginally excitable media, even slight curvature spoils
collected over the years. Such rapid motion of rotors, or othe reliability of propagation: the critical radius can be im-
wavefront tips that might have been expected to form rotorsmense. But in fully excitable isotropic media it is compa-
was surprising, but comparably abrupt displacements haveble to the thickness of the propagating activation front,
since been observed in real myocardigdalife) and some which is less than 1 ms times perhaps half a meter per sec-
such “wavebreaks” are seen Witkowski Fig. 10. ond, thus less than 1/2 mm. It makes no difference that epi-

When the computed front tips did form rotors, they cardium is 3:1 anisotropic, except that due to a peculiarity in
turned typically no more than a couple of rotations beforethe definition of “curvature” one way of measuring this “ra-
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dius” can produce smaller or very much larger numbers. Theand Starobin1996 ingeniously show how this can be rec-
circle of critical radius becomes a 3:1 ellipse with radius ofonciled with the prior notion of focal sources with distinct
curvature at the pointy longitudinal end shortened threefoldperiods and coincidental onsets and offsets: A moving
thus becoming threefold shorter than the unchanged longitichemical rotor had been observed to induce Doppler-shifted
dinal activation front thickness. Meanwhile on the flat trans-firing fore and aft(Jahnkeet al,, 1990; Jahnke and Winfree,
verse sides it has lengthened 9-fold, becoming 27-fold longet99J); since the electrocardiogram sums local activities over
than the shortened transverse front thickné€®¢infree, the epicardium, a single drifting rotor could effectively con-
19973. These peculiarities of the geometric definition arestitute a pair of asynchronous pacemakers with the curious
obviated by rescaling the pictures to isotropy before measumproperty that when one extinguishes, so necessarily does the
ing. Cabo describes some of the first experiments attemptingther! Chen and Jalife stress the likelihood that a single
to check such phenomena as the monodomain reactiomireandering rotor could underlie polymorphic tachycardia or
diffusion metaphor anticipates for epicardiudiu further  even fibrillation.
plays out this theme in context of a realistic model of is-  Bayly decomposes patterns observed on the surface of
chemia. 3-dimensional ventricle in terms of wave front segments
Various 2-dimensional continuum breakup mechanismgather than in terms of rotortsee their Fig. # Short seg-
have since been considered as models of fibrillation, thugents of activation front entering @ul-de-sacbounded by
implicating rotors at least in the transition from tachycardia,temporary refractoriness drag along a pair of nonrotating
and possibly in fibrillation itselfperhaps in a 3-dimensional endpoints that should not be confused with rotors. Like a
way after the first 10—20 cyclesBut one sees very little of tidal bore in a fjord, such segments can snuff out for want of
anything like a rotor in 3-dimensional myocardium, and thena timely exit(as seen, for example, in the old Beeler—Reuter
only fleetingly and only in the very beginning of fibrillation movies cited above They stress that, at least vivo with
that started with a pair of rotors induced by the “pinwheel Progressive ischemidspatially extendedfibrillation cannot
protocol” (Grayet al, 1998; Witkowskiet al, 1998h. Even  be usefully regarded as low-dimensional cha&ayly
artificially thinned 2-dimensional myocardium, when some-stresses the importance of imaging a large enough(aea
how induced to “fibrillate”, exhibits reentry in forms not ally the whole surface including internal septuto reveal
readily described in terms of the familiar behavior of isolatedthe origin and ultimate fate of the front segments that domi-
2-dimensional rotoréLee et al. 1996; Chen, Kim). nate these movies at the characteristic period of rotors.
Chen additionally describes continuous creation of na-
scent rotors at spontaneous bregKarcs of conduction B-4. Rotors in 3 dimensions
block™) in propagating fronts and at their collisions with All the above mimic 3-dimensional myocardium with
other fronts: “In all episodes, reentrant wave fronts wereflat 2-dimensional images. The next step toward reality is a
spontaneously initiated by an interaction between two propaeurvy, but still effectively 2-dimensional, model. On a
gating wave fronts roughly perpendicular to each other.”curved thick surface resembling the dog’s ventricular epicar-
Meanwhile other rotors, after a short lifetime, are destroyedlium (but scaled to the size of a rabbit hegdPanfilov, and
(in contrast toCabd's observatioh by encroaching wave Gray using Panfilov’'s model, illustrate spiral waves in an
fronts and by encounter with tissue edges. This balance adxcitable medium chosen for the inherent instability of its
solitary creations and destructions putatively preserves gotors. Panfilov's model of the ventricle has played an im-
fluctuatingly steady abundance. So far as | know, no mechgportant role in recent literatur@anfilov and Holden, 1997
nism has been plausibly modeled in terms of reactionit resembles a famous cellular automaton model of atrial fi-
diffusion vortices that would create or destroy an isolatedbrillation (Moe et al, 1964 in that its “cells” are isopoten-
vortex through wave front collision. Studies of continuoustial tissue chunks (1 mf and in that its activation fronts
excitable media show the phase singularity, alias vortexeasily suffer spontaneous arcs of conduction bloBkay
alias rotor, to be merelglisplaced not erased, by wave front reviews some important differences between ventricular and
collisions, and show colliding fronts merging without creat- atrial fibrillation (see alsKim ; Winfree, 1994b p. 1005, or
ing new singularities. The benchmark view was that annihi-1997b p. 118 For example, the ventricular wall is thicker
lations and creations occur only as mirror-image pé&rs  and more uniform than the atrial wall, which in most places
cept at tissue boundariesis confirmed in the experiments of more resembles a mat of tangled thick rotifse pectinate
Gray et al. (1998. Literature contributions are not in har- muscle$. Panfilov's model is a major improvement over
mony here. Moe’s in that its context is a geometrically ventricle-like
Numerical experiments also strengthened the notion thai-dimensional volume, including in some instances even a
meandering displacement of a rotor could be the mechanisrroarse implementation of the directionality of its fibers. As
of torsade de pointes peculiar arrhythmia characterized by Panfilov's abstract points out, the needed source of ‘inhomo-
waxing and waning periodicity in the electrocardiogram. Atgeneity’ is now not patchiness of membrane properties as in
benchmarktorsadewas still thought to represent coinciden- the simulated 2-dimensional atrium of 1964, but the inherent
tal onset and offset of a two unrelated ventricular ectopic focpatchiness of any coarsely discretized mimic of the fibrous
(Bardyet al, 1983; Inoueet al, 1986. An alternative ideais 3-dimensional anatomy of dog ventricles. This parametri-
that it might represent a meandering rot@vinfree, 1988a, cally uniform membrane model’'s activation fronts are un-
1989a, 1990b, 1993a, 1994b, 1997a, 1997bavidenko stable near the short period of rotors, even in 2 dimensions
(1993, Jalife and Davidenk@1993 p. 616—), and Starmer and in the complete absence of any kind of inhomogeneity,
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so they easily succumb to patchy conduction block. We daonduction block. Alternatively, when wavefront twist accu-
not yet know whether this is also a feature of normal myo-mulates to almost one rotation along a filament length equal
cardium. to rotation period times propagation speed, a helical “spro-
As the authors point out, this is not an attempt to mimicing” should erupt which, if the myocardium is also thicker
normal myocardium. A simplified and depressed membranéhan a transverse rotor diamet@bout 4 mm), admits free
model was necessary for computatiom @ 1 mmgrid. The  transmural snaking of the filament. $ua 4 mmthreshold of
FHN parameters are chosen so that activation is several-folthickness was subsequently observed in living dog hearts, for
slower than normal and as in the mouse “the scaled actiothe transition from rotor-based tachycardia to fibrillation, but
potential duration is 3—6 times shorte(Gray). Activations  its actual mechanism remains still unexamined. Neither of
accordingly propagate several times too slow, and the rotathe foregoing were observed in ti@nton simulations be-
period is too long. With time and space rescaled to matcltause no transmural gradient was imposed and because their
these numbers to reality, the effective coupling coefficienthew instability arisedirst, on account of meander and the
D, between cells becomes “an order of magnitude largedifferent gradient thais included: therotating anisotropy of
than for the normal heart'(Gray). This is evident in the intramural fibers. Adenton Fig. 20 shows, overlaying Win-
propagation speed’s dependence on curvature, as shown fiee (1994b, Fig. ], this new twist instability of the mean-
Fig. 5D: It ends at a critical radius of curvature near 6 mmdering filamentlsohas a thickness threshold close to 4 mm.
rather than normal 1/3 mm, with slofi2 about—12 cnf/s  Its consequence is also much the same: The filament coils up
rather than— 1 cn¥/s (contrast with Fig. 1 ofCabo, using and breaks at the epicardium, multiplying intramural fila-
2 cnf/s and normal excitability.And most of the computa- ments and epicardial rotors. These must then be expected to
tions are isotropic, i.e., the transverse coupling coefficient isnove rapidly or survive briefly, perhaps as reported in thick
an additional order of magnitude larger than in real tissuemyocardium byBayly, Jalife, Gray et al. (1998, and Wit-
This makes the heart walls functionally thinner than theykowski et al. (1998h. In walls without a transmural gradient
look, possibly by an order of magnitude. All figures are iso-of excitability my meander-free instabilities would not arise,
tropic in Gray (so “cardiac fiber orientation did not play a maybe those depending on meander wdwith no thresh-
major role in our simulations); and all but Figs. 6—8 of old (Winfree, 1994c, 1998, andFenton's “twistons™ defi-
Panfilov, in which the transverse coupling is enhanced asnitely would (unless the fiber rotation rate is less than found
much as 50-fold, so these walls also may be functionallyin laboratory mammals.Anyway, twistons periodically re-
2-dimensional. In comparing withenton's anisotropic com- lieve accumulating twist, preserving transmurally graded
putation, note that he found it necessary to represent layerayocardium against the instabilities that first predicted the 4
of tissue at intervals no greater than 3° of fiber rotation,mm threshold thickness. Unlike the earlier-nominated insta-
which would be impossible at 1 mm spacing, so one rightlybilities, Fenton's alternative would greatly broaden the dis-
expects to see different phenomena in these mddeks be-  tribution of action potential durations relative to the preced-
low). ing tachycardia, and shorten their average. In contrast, under
Leon and Horacek1991) and Colliet al. (1991, p. 321  the original visions of such filament instability, the histogram
may have been the first to examine numerically the implicaof durations would stay about the same. Discrimination
tions of rotating anisotropy for propagation. It twists the ac-awaits useful definition of “action potential duration” dur-
tivation fronts, leading to the suggestiokkeener and Pan- ing real fibrillation.
filov, 1994, Panfilov and Keener, 1993hat this may [Footnote added 6/27/9During 1994 while editing gal-
destabilize vortex filaments. Their demonstration in numeridey proofs of a symposium contribution, | pushed the “di-
cal experiments on coarse grids left open the same questianide” instead of “multiply” by 9 calculator button to divide
for continua.Fenton answers it by describing numerical ex- by “1/9 cm?/s” and so underestimated by 81-fold the relax-
periments on meandering electrical vortex filaments in a 3ation time of twist accumulating along a transmural vortex
dimensional reaction-diffusion model of excitability. This is filament. This made the necessary thickness of myocardium
only the second study of 3-dimensional meander, and thér rapid accumulation of twist seem ninefold greater than
first to introduce the rotational anisotropy that characterizesorrect theory would have it. Alain Karma kindly drew my
all mammalian heart wall§.Footnote added 2 Jan 98\ attention to this arithmetic error in 1997. Its logical conse-
third has since appeared: Aranson and Mitkd998 find a  quence was temporary apostasy from my former and | think
new instability of 3D meandering filaments, this one againcorrect anticipationWinfree, 1990a p. 405, 1990c p. 203;
lacking any threshold.lts parameters are tailored to match Henzeet al, 1990 p. 701; Winfree, 1991a, p. Hlihat twist
the period-dependent idiosyncrasies of real myocardiumcould substantially accumulate in the thick LV wall. That
This does turn out to induce a novel electrical instability,revisionist paragraph, printed in Winfr€d9944 and un-
clearly distinct from those known before, but with about thethinkingly copied into a 1994 meeting proceedirfy¢infree
same threshold of wall thickness for its onset. 1997h concluded that human or canine LV wall is too thin
One such instability was my proposaVinfree, 1990a, by an order of magnitude, whereas in the absence of arith-
19914 that in the absence of meander but given a transmurahetic error, the proper conclusion is the same as in 1990 and
gradient of excitability, twist should accumulate along an as in subsequent experimental checks: filaments “should”
intramural vortex filament, shortening the period between acbe stablen walls thinner thanroughly the observed thresh-
tivation fronts until they are squeezed too close together told thickness for conversion of monomorphic VT to fibrilla-
admit any excitable gap, and so become liable to patchyion.]
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The reader will want to compare discussions of areamands alertness to multiple meanings. For example, as used
thickness, and volume thresholds for fibrillation betweenin this journal, “chaos” means a kind of deterministic dy-
Fenton, Gray, Panfilov, and Winfree (1994a, 1994b, namics, usually low-dimensional. But in cardiology the pre-
1997hH. Gray, for example, notes an absence of 3-Yorke sense was incorporated irdefinitionsof fibrillation,
dimensional instabilities. This may be because a combinatioso that the intent of its usage in contemporary discussion of
of depressed kinetics, coarse m&shmm), and large trans- cardiac dynamics is seldom cle@hen, however, describe
verseD make their modeled heart wall much thinner than thefibrillation as deterministic chaos, arrived at through a qua-
4 mm threshold anticipated above. In general the unconfinegdiperiodic mode by interaction of “coupled oscillatorstb-
vortex filament seems to have plenty of instabilities. In 3-tors?. Bayly shows that if fibrillationin vivo without heart-
dimensional media supporting meander there have been onlyng support is “chaos,” the dimension st small.
two studies so far, and both showed new instabilities: Even  In this journal “model” usually means a construct of
without dynamical or anatomical twist, the character of 2-ideas, but in cardiology, it means a physiological preparation
period meande(its frequency ratip depends on filament whose laboratory study is believed to be relevant to a clinical
curvaturé (with no threshold thus meander seems unlikely problem.Chen uses “model” in this sense, quite different
to remain synchronous along a flexible filaméWinfree,  from its import in “bidomain model” (Keener and Bogar,
1994c¢, 1995 and with more than a threshold amount of Trayanova, Roth) as a set of precise physical relationships
anatomical twist, pulses of dynamical twist accumulate angepresented mathematically, or in “numerical model”
propagate as twistor{§enton). (Bayly, Biktashev, Fenton, Gray, Jalife, Roth, Panfilov) as

It is not yet known how nearly these computational ex-a collection of algorithmgseldom allowed space to describe
pedients nevertheless capture something essential about thgyroducibly in the literatupeto mimic some process in the
electrical dynamics oformal ventricular myocardium. But way of a metaphor.
they do lead to complicated patterns of reentrant activity — The “restitution curve” depicts the duration of depolar-
“similar to fibrillation” (Panfilov), and thereby raise the jzed phase of the action potential as a function of the “dias-
questionBayly addresses: How can we tease apart the essefplic interval” or “excitable gap” (synonyms for the
tial aspects of such similarities and quantify them so as t@omplement of a discrete depolarized phase during periodic
distinguish among kinds and models of fibrillation? Wit- excitatior) or of the period of repetitious excitation. This
kowski et al. (1998b observe that even during Steady perfu- curve, in either form(not quite equiva|e|)t is much dis-
sion, after 10 min of fibrillation activation patterns on dog cyssed in connection with pre-fibrillatory tachycardia, and
epicardium acquire an entirely different, possibly 3-might provide a key to its instability. Such calculations pre-
dimensional character, and their characteristic periodicit)éuppose slope>1 near the rotor's period, i.e., require the
shortens about 20%. This was not observed by Giegl.  appreviated action potential stimulated at such a short inter-
(1998 in the sheep heart, similarly prepared but using an,g) to lengthen, if the interval be lengthened by, by more
inhibitor of muscle contraction. There is a pressing need fokhan At. This is an essential model componentAanfilov
quantitative differentiation among “turbulent-looking” pat- 5n4 inChen, and it appears ixXu’s model, but not inFen-
terns. o ton’s (“our conclusion is that the most believable curves are

Jalife observes activations on the curved surface of thg,; steep enough to produce VF in 2D experimental
fully 3-dimensional heart, fulfilling after a decade the bench-¢ ,nes also seem insufficiently steep to cause wavebreaks”
mark view that “in the structurally and electrophysiologi- |; may be an important mechanism in diseased myocardium.
cally normal heart, cardiac fibrillation is not a totally random ap, effort seems called for to establish this curve’s existence
phenomenon-- fibrillation in the mammalian ventricles is g shape during fibrillation(a) the depolarization of tissue
the result of self-organized electrical rotors giving rise 0,iyating at the short intervals typical of fibrillation tapers
scroll waves--- such complexity--- may be explained in  jangularly (no Ca/K plateauuntil the next activation, leav-
terms of self-organized 3-dimensional rotors that drlftmg no diastolic interval(Witkowski and Penkoske, 1990:
throughout the heart.” They illustrate this in a variety of Dillon, 1992: Salamat al, 1994; Kwaku and Dillon 1996
dramatic experiments using the ventricles of mammals rangm) it has not yet been shown that the duration of depolariza-

ing in size from sheep to mouse, and go further to show oW heyond an arbitrary level depends on prior intervals too

even a single rotor, if moving much faster and more errati-gpqrt for reactivation of Ca channels; af@l during 2- and

cally than ever before thought possible, suffices to impresg_gimensional propagation with ever-changing pattern, repo-
the electrocardiogram with a fibrillation-like trace. Near thelarization time can be forced far from the “curve” that char-

bottom end of the mammalian body-weight scale theY,cterized space-clamped restitutiéBourtemanche, 1996,
present the astonishing apparition of a rotor in presumabljﬁgs_ 12-14)
normal mouse heart rotating fully within no more than three ™ 114 qominant paradigm motivating design of experi-

or four 60 Hz video frames, its period and long diameterants and their interpretation since at least 30 years ago
hardly more than half what I took to be the all-mammalgtemg from the “dispersion of refractoriness” model illus-
standardleftmost datum of Winfree 1994b, Fig).1 trated numerically in Moe’s cellular automatdf964 or
. Krinsky's continuum (1968. These stress discontinuous
B.5. More jargon patchy irregularity of intrinsidalias parametricexcitability
Efflorescing terminology is usual in times of conceptual parameters as thesine qua not (Moe) of fibrillation. The
change such as our “post-benchmark™ dozen years, and deexample computed b¥u (prefaced by a succinct tutorial
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introduction on inhomogeneitiesshows in modern terms and/or the changing angles between gradient fields and curv-
how this might work. The experiments describedGabo  ing fibers(Krinsky , Roth, Trayanova).
and inJanse(which also contain clear background tutorjals As a synonym for “inhomogeneity”, the cardiologist’s
are motivated in this tradition. In contrast, my own peculiaruse of “dispersion” departs from established usage in phys-
slant on this topic in publications since 1978 has been thats. Fenton accordingly renames the dependence of propa-
such inhomogeneities might be incidental except when exaggation speed on period from “dispersion curve” to “speed
gerated by disease and might mask a more fundamentaéstitution curve” for use in this context.
mechanism of fibrillation(see paradigms distinguished in Another conspicuous package of near-synonyms is “arc
Winfree, 1982 or 1989b The numerical models dBikta- of conduction block,” “wave break,” “wavebreak,”
shey, Fenton, Gray, Jalife, Roth, andPanfilov work in this ~ “break up,” “breakup,” and “lateral instability” (Bayly,
more recentbenchmark paradigm in terms of phase singu- Gray, Jalife, Panfilov, Witkowski ). The first of these terms
larities of entirely dynamical origirfrotorg that occur even stems from antiquity, sometimes to describe the locus of
in parametrically uniform media. The advent of this rival moving endpoints of a frontwhen not on an obvious physi-
outlook in the late 1970’s affected word usage. With a timeological discontinuity, sometimes to describe propagation
constant of several years, the term “dispersion” became amfailure along an arc of an activation front. This could repre-
biguous. In current literature it is often virtually impossible sent encounter with a local parametric inhomogeneity, even a
to figure out whether “dispersion” and “inhomogeneity” rather slight one if the medium is paced near its shortest
mean what they did in the cited literature, or only mean thastable period. When block is suspected to be due to only
there are gradients of membrane potential in the tigsuge, local dynamics in a parametrically uniform medium, the
as inRoth), i.e., that it supports propagating activations and“break” words are usede.g., in Winfree, 1994a; Courte-
electrotonic currents around stimulus electrodes. The granmanche, 1996 | think stemming from the discovery of such
matical form of explanation is often preserved even while itsthings in Beeler-Reuter models:-“ wave fronts break,
conceptual import evolves. nucleating new reentrant vortex pairsresembles epicardial
Like most polarized “either/or” dilemmas, this one maps of the earliest stage of fibrillation(\Winfree, 1989a
should not be so starkly posed. On the one hand it can b€his is still the meaning of “breakup” irPanfilov, for ex-
argued that whatever intrinsic inhomogeneities characterizample. “Wave break” as a noun seems to mean “phase
healthy ventricular myocardium play no essential role in thesingularity” or “critical point” (e.g., Pertsoet al,, 1993, or
onset of reentrant tachycardia, at least of the kind representaffitkowski et al, 1998h. “Wavebreak” has evolved to
by rotors and vortex filaments, at least when these are initimean a special condition in marginally excitable media,
ated by the “pinwheel protocol’(alias cross-field stimula- where even slight curvature of the activation front induces
tion, twin pulse protocol, etg. In healthy tissue they might conduction block, as idalife, for example. “Lateral insta-
even play little role in the ensuing monomorphic tachycardiability” refers to the rapid erosion, in such media of merely
except in a role opposite to traditional expectation: Theymarginal excitability(e.g., normal tissue rapidly pacdedf
might “pin” rotors and sostabilize tachycardia at a more fronts bordering such a break, thus widening the arc of con-
regular and somewhat longer period than exhibited by theuction block.
freely meandering rotor. But much depends on the electro- The terms “diffusion,” “diffusion coefficient,” and
physiological magnitude, and spatial and temporal scales dfreaction-diffusion equation” have caused confusion, even
the putative inhomogeneities; these still need to be sorted olietween writers and referees of this Focus issue. The
and quantified. And on the other hand, if the period shouldl0° V/cm electric potential gradient across the cell mem-
shorten below about 110 ms, making propagation more predrane is supported by selective barriers to the diffusion of
carious, it seems plausible that formerly ignorable parametritons. lons diffuse in cytoplasm at 18 to 10”7 cn?/s. Their
inhomogeneities may develop more prominent consediffusion does indeed propagate tbleemicalwaves known
guences. At the short period of ventricular fibrillatiB0—  in neural tissue, such as calcium waves in networks of hip-
100 ms: possibly the period of unpinned rotors or of twistedpocampal astrocytes and suprachiasmatic nucleus glia, or the
vortex filamenty tissue that could reactivate adequately atones that make tiny 1-s rotors in single heart césipont
longer periods may become a patch of lethargic responsivest al, 1996, or those in the Belousov—Zhabotinsky medium.
ness, even of conduction block, until it has recovered by noTheir mechanisms are well described by reaction-diffusion
responding then waiting out an interval until the next activa-equations. Because the electrical mechanisms of cardiac
tion front encroaches. Then the relatively orderly patterns omembrane are described by similar reaction-diffusion equa-
activation radiated from a few discrete rotors could becomdions, analogous phenomena were anticipated in heart
utterly turbulent. Even such slight parametric inhomogenemuscle, and some phenomena such as the vulnerable period
ities could after all turn out to be thesine qua noh of and the manner of onset of fibrillation wefie cardiological
transition from simple vortex reentry to such electrical tur-ignorance “discovered” and understood in a new way dur-

bulence. ing the decade ending with our “benchmark&.g., see Win-
Note that inhomogeneities of resistivity are quite a dif- free, 1982, 1983.Nonetheless, even though electric current
ferent thing and probablsire essential for electricalefibril- in cells is carried by ions, their diffusion it what is ana-

lation. It remains to be determined whether the effective onelyyzed in that reaction-diffusion equatiofthe 2- or 3-
are intrinsic (gap junctions, collagenous separations, )etc. dimensional version of the classical “cable equation” or
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“core conductor model} of electrophysiology. In this con- whether the fibrillation is maintained under stable conditions
text the emphasis is not on ions but on trans-membrane cda heartin vivo on heart—lung support, an vitro on Lan-
pacitive electric potential diffusion, with coefficient more gendorf support, or a piece of ventricle passively perfused in
like 1 cnf/s, a million times larger. The result is that the a tissue culture dishor under progressively deteriorating
spatial scale of patterns based on temporally comparable kéonditions(a heartin vivo developing ischemia after blood
netics is a thousand times larger for potential diffusion tharpressure falls at the start of fibrillation, or a slice too thick to
for ion diffusion. This diffusion coefficientD, is often perfuse passively and perhaps cumulatively affected by an
called the “coupling coefficient.” It is the reciprocal product applied drug.

of membrane specific capacitance, cell surface/volume ratio,

and a resistivity. In context of monodomain models Diss

commonly evoked as a pair of scalars, one along fibers an@. Technological advances for observation of hearts

one an order of magnitude smaller perpendicular to fibers, othd of equations

a little more elaborately in the bidomain model's ten&br Quite a lot of new technology is reviewed here, e.g.,

with twice as many components. Bayly’s numerical devices for appraising such patterns as
Finally, we come to “fibrillation.” The idea that fibril-  can be detected in 1-mm epicardial maps during fibrillation
lation is utter randomness used to be so firmly entrenched igndChen's 1.6-mm electrode arrays. Looking to the future,
the medical literature that pre-benchmark publicatiasd  Keener andBogar provide the computational means for ef-
some even todgycommonly adopted a revolutionary tone asficient simulation of bidomain models, alitkowski pre-
though espousing heresy when circumstances required regents first fruits of his relatively low-intensity fluorescent
ognition of the obvious dominant periodicity or other deter-epicardia| mapping System' with emphagis on engineering
ministic aspects of VF. In the clinician’s strict traditional aspects_ Theorists new to this area could be forgiven for
sense fibrillation is whatever is happening in the heart whefimagining that such details do not deserve a prominent place
the electrocardiogrartsumming electric dipoles over all sur- here. | wish to stress the opposite: that much more than may
faces of the muscjeshows an irregular wiggliness on a time be apparent depends crucially on careful attention to the Ma-
scale shorter than about 200 ms. Note that this would seeferials & Methods section of any experimental paper. My
to include sources with period longer than the freely dl’iftingexperience is that almost any propositi@nd its converse
rotor (whose nominal period seems closer to 100.ms can be convincingly argued by selective inattention to Mate-
Complementing that strictly temporal electrocardiogram-rials & Methods sections. The majority of inferences | have
based clinical definition, the term “fibrillation” also has a rightly or wrongly drawn in this area since 1978, citing pub-
spatial, mechanistic meaning. In the medical world it origi-lished data, differ from those featured in the corresponding
nally connoted the presumably independent activity of adjaAbstracts, Discussions, and Conclusions, but depend heavily
cent fibers of the heart muscle. To many today it still indi- on flipping back and forth between Results and Materials &
cates negligible correlation of electrical activity over Methods with a question in mind before reading anything
distances comparable to one passive space cor(sfaotit 1  else.
mm) (but see actual measurementBiayly.) There is much As hoped for at benchmaifp. 121 Witkowski unveils
discussion in this Focus issue about the transition from venan optical device for observing fibrillation at much higher
tricular tachycardialdue to the presence of one or a few resolution and with less invasiveness than possible a few
rotors to fibrillation in the sense of “a complicated and years ago(see also Bove and Dillon, 1988This optical
changing spatial pattern of activation” or “electrical turbu- device records 12-bit 128128 snapshots of local membrane
lence” (e.g., Fenton, Panfilov). Pre-“benchmark,” these potential covering most of the front side of a dog’s heart at
temporal and spatial notions were thought probably equivafinal effective resolution not much coarser spatially than 1
lent, and much of the literature is written as though each celpassive space constant for relatively slow processes like re-
were performing as irregularly as the summated electrocampolarization. This is about the thickness of the normal propa-
diogram trace. But then it was noticed that point recordinggating activation fron{thus the finest resolution of possible
during clinical fibrillation can be strikingly periodic, all with interesj. After much numerical processing to extract signal
nearly the same perioghear the period of rotoysand even from noise, the temporal resolution is still only a few 1.2 ms
the collective electrocardiogram is nowhere near so devoidideo frames, and events as fast as activation are blurred
of narrow spectral peaks as some definitions of fibrillationspatially to no more than a few front thicknesses while
explicitly require. Conversely, the irregular lashing about ofpropagating about one 1/2-mm pixel per frame. Not all of the
one or two ends of a single activation frot fairly simple  heart’s inside and outside surfaces are visible at once, nor
geographical pictupecreates an electrocardiogram trace re-can intramural activations be seen. But 13 million voltages
sembling “fibrillation” temporally while the epicardial map are delivered per second, and the spatiotemporal pattern of
looks hardly more complicated than during normal sinus acventricular fibrillation is plainly revealed without necessary
tivation. (Jalife; Grayet al,, 1995;Janse Janseet al,, 1995. resort to excitation-contraction uncoupling drugs, manual or
Crucial inferences take different paths depending orsemiautomatic selection of “activation complexes,” or
whether “fibrillation” means “the ECG is wiggly” or “cel-  sketching of interpretive isochronal contours. We have been
lular activity is irregular and uncorrelated” or “the map analyzing these movies from many hearts on a variety of
looks complicated,” so the critical reader should be alert tocomputers, following the Hobbit's recommendation that
those multiple meanings. It is important also to notice“There’s nothing like looking, if you want to find some-
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thing!” Results are expected shortlyWitkowski et al,
1998h.

D. Where does this problem stand today?

advent of reaction-diffusion algorithms to create movies re-
sembling a heart covered with irregularly changing rotors,
understanding of fibrillation is basically in the bag. | feel that
my job is to draw attention to the possibility that some fun-
damental surprises still lie in wait. To solve any deep prob-
lem it may be admissable to entertain candidate solutions
without serious regard for all the factahich cannot all be
correct if some really do, as appears, contradict one anpther.
But it should at least be explicitly recognized that particular
facts don’t seem to fit the prevailing view. For example, any
of the following should induce upsets comparable to the
Michaelson—Morley outcome of 1881 and 1887, but no one
has persuaded all his colleagues that they are all mistaken:

(D

@
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4
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(6)

)

Chaos, Vol. 8, No. 1, 1998 A. T. Winfree
(8) The enhanced efficacy of defibrillation when polarity is
reversed on a time scale of nfiBeesert al, 1990)
(9) Universal experience that both biophysical theory of
stimulation and laboratory experiments with isolated
cells require fields around 10—20 V/cm, an order of mag-
nitude in excess of consistent observation in normal
myocardialtissue(1-2 V/cm).
(100 Min and Mehra(1997 used the 5 V/cm isotropi&*
value (guessing that anisotropy will “average out” on
the scale of several mm or more due to the rotating of
fibers transmurallyto rationalize defibrillation thresh-
old observed using nonuniform fields around internal
catheter electrodes. By calculating fields around geo-
metrically complex electrodes in an anatomically de-
tailed model of thoracic conductivities and requiring
that S* (regardless of local field orientation to fibers
and to activation fronjsbe exceeded in 95% of the
heart volume, they come remarkably close to clinically
observed defibrillation thresholds of total electrode cur-
rent and voltage. It is perplexing that their results seem
to leave little room for improvement by refinements of
bidomain biophysical theory that otherwise seems ob-
viously called for.

An “outsider” could reasonably surmise that with the

The observation of Cheet al. (1986 that for scores of
ms after an electric shock there is an “isoelectric win-
dow” during which fibrillation halts and there is no de-
tectable propagation:- then it resumes spontaneously
(Ideker, 1991; Walcotet al. 1996. Can this represent Taken at face value such observations seem incompat-
only a latency of cellular activation plus uncommonly jple with straightforward reaction-diffusion theory in con-
slow conduction to the nearest electrode? Or restrictionjn,ous media. Were that whole scheme to prove somehow
of activity to a wholly intramural vortex ring until its  fa¢4)ly flawed, it would be remembered that in 1998 the ma-
fronts propagate to the surface electrodes? _ jority of movies of actual ventricular fibrillation only
The report of Leeet al. (1999 that reentrant vortices vaguely resembled numerical models, except for the general

arise spontaneously by oblique collision of activation; . f idlv chanai h I R
fronts. impression of rapidly changing rough periodicity, presum

. . .. ably originating from rarely observed rotors. | canagine
The naggingly persistent absence of a convincingly . o .
. L2 : ..~ “at least, diverse unexpected apparitions that might emerge
semiquantitative theory of the ventricular fibrillation com the new high-resolution devices. which would be per
threshold in terms of stimulation repeated several timei 9 ' P

at the shortest possible intervals from a single electrod ectly consistent with prior looser evidence, yet inconsistent
at strengths only a few times threshold with today’s models unless much backpedaling and redefin-

Chen's report that there is no distinct ventricular fibril- ing is undertaken to salvage appearances. Heraclitus report-

lation threshold for a single strong shock: rather, induc-edly remarked ca. 500 BC, “If you do not expect the unex-
tion of fibrillation is as probabilistic as defibrillation. The Pected you will not find it, for it is hard to be sought out, and
latter seems understandable in the usual case of tenfoRifficult.” Questions on the agenda should include:

inhomogeneous field intensity, assuming that vortices(l)
are moving unpredictably in this field during pre-existing
fibrillation. But why should strong stimulation of quies-
cent tissue produce probabilistic results?

The observation of Delgadet al. (1990 that the elec-
trical threshold for pacing a4 mm square of normal
epicardium from a tiny central electrode depends mark-
edly on boundary conditions at least 1.6 mm away.(z)
Could this be an early apparition of the “dog-bone”
field discovered in bidomain material at much stronger
stimulus intensityRoth)?

Diverse measurements of transverse propagation speed
which seem equivalent to assay bf below the mini-
mum compatible with continuum interpretatiorisee
Winfree, 1997a and)b

Frazier's(1988 inference that in terms of current den-
sity, the stimulation threshold is independent of cardiac
fiber orientation. 3

Does fibrillation in normally excitable tissue really con-
sist mostly of ordinary propagatioall ionic channels
active, the same as when paced at comparably short
intervals? And what of the exceptional places? Are their
electrophysiological states inside the usual excitation-
recovery loop(i.e., rotors and other front tip3

Are the ultimate sources of this short-period activity just
a few rotors, possibly meandering slowly and occasion-
ally displaced abruptly by an activation front slapping
the core? Or is developed fibrillation more like compu-
tation from undepressed ionic membrane models, domi-
nated not by rotors, but by segments of activation front
whose ends only occasionally and briefly round up into
rotors but usually glide near propagation speed along
ephemeral refractory boundarig§wandering wave-
lets”)?

Does ventricular fibrillation start from a rotor and spread
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