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Individualshavingfrequentabnormalheartbeatinterspersedvith normalheartbeatsnay be at an increased
risk of suddencardiacdeath.However mechanisticunderstandingf suchcardiacarrhythmiass limited. We
presenta visual and qualitativemethodto display statisticalpropertiesof abnormalheartbeatswWe introduce
dynamical "heartprints' which reveal characteristicpatternsin long clinical recordsencompassing 10°
heartbeatsand may provide information about underlying mechanismsWe test if thesedynamicscan be
reproducedy modelsimulationsin which abnormalheartbeatsire generatedi! randomly i! ata ®xedtime
interval following a precedingnormal heartbeator ii! by an independenbscillator that may or may not
interactwith the normal heartbeatWe comparethe resultsof thesethreemodelsandtesttheir limitations to
comprehensivelsimulatethe statisticalfeaturesof selectedclinical records.This work introducesmethods
that can be usedto test mathematicamodelsof arrhythmogenesiandto developa new understandingf
underlyingelectrophysiologianechanism®f cardiacarrhythmia.
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I. INTRODUCTION

The humanheartdisplaysan extraordinarilylarge range
of complexrhythms,in both healthand disease@,2# In the
normalindividual all beatsarisefrom the upperchamberf
the heart, the atria, in a rhythm set by a specializedpace-
makerregion called the sinusnode.In someindividuals, in
additionto normalsinusbeatstherearealsoabnormalbeats
originating from the ventricles,the lower chambersof the
heart. The sporadicappearancef such ventricular ectopic
beatsis commonandis not necessarilya causefor concern.
However an increasechumberof prematureventricularec-
topic beatshas been associatedwith an increasedrisk of
suddencardiacdeath @+ This ®ndingled cardiologiststo
hypothesizethat medicationto reducethe numberof ven-
tricular ectopic beatsin patientswho had suffered a heart
attackcould reducethe risk of suddencardiacdeath.How-
ever whenclinical trials were carriedout in patientstreated
with drugsthat decreasehe numberof ventricular ectopic
beats,the results surprisingly and dismayingly showedan
increasedate of suddendeathin the patientswho received
the medicationcomparedto thosewho receiveda placebo
@*# Therehasbeena subsequendiminutionin interestin the
analysisof the correlationsbetweenfrequentectopic beats
and suddendeathin the clinical literature.

The premiseof the currentwork is that the dynamical
patternsnot simply the number of ventricularectopicbeats
may containimportantinformation concerningthe underly-
ing mechanismsf arrhythmia. Further thesemechanisms
canbe probedby appropriatequantitativeanalysisof lengthy
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~about 24 h! records,thereby possibly helping to identify
individuals at high risk.

A variety of different quantitativeapproache$ave been
proposedto evaluateventricular ectopic beats. These ap-
proachesinclude: counting the numberof such beatsin a
given time interval, developingmathematicamodelsof ec-
topic beatsand ®ttingtheseto observeddatafor shorttime
intervals @+ 10# and using computersto analyzedataover
severalhours by developingnovel methodsto plot datato
underscoremechanismg@1 + 13# or scaling properties@4+
16# Although these methodsyield important information,
they have not beenuseful in decodingthe mechanismof
ectopicbeatsbasedon quantitativeanalysisof the dynamics.

To achievethis goal, we developa methodto analyzein
detail the transientdynamicsof ectopic beatsin lengthy
records,and we systematicallystudy how different models
canaccountfor the observeddynamicalpatterns.The struc-
ture of the paperis asfollows. In Sec.Il we introducethe
basic terminology concerningthe beatintervalsin cardiac
arrhythmia. In Sec. lll we introduce four clinical 24 h
recordswhich wereselectedo illustrate differentpatternsof
complexarrhythmia.We do this by introducinga procedure
we call the dynamical " heartprintba graphicalmontageof
histogramsuseful in identifying different propertiesof the
arrhythmiaandtheir changesin Secs.IV to VIl we present
four simple modelsto studythe dynamicsof ventricularec-
topic beats.We try to understandthe dynamicsin “real
world" clinical datain termsof thesemodels.A discussion
follows in Sec.VIIl. A preliminaryaccountof someaspects
of this work hasrecentlyappearedn Ref. @7#

Il. TERMINOLOGY CONCERNING BEAT INTERVALS IN
CARDIAC ARRHYTHMIA

Figure 1 showsan excerptof an electrocardiogranof a
patientwith normalsinusbeats-§ aswell asabnormalven-
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FIG. 1. Electrocardiogranover atime interval 6.6 s of a patient
with heartfailure ~-Record3 of Fig. 2!. Sinus-8 andventricular-V!
beatsdiffer in shape.The ventricularectopicbeatseachblock the
appearancef a sinusbeatbut do not alter the sinusrhythm other
wise. Exampledor acouplinginterval~Cl!, anda V-V intervalwith
the correspondinghumberof interveningsinusbeatsNIB! arein-
dicated.

tricular ectopicbeatsV), which aredistinguishablédy their
characteristianorphologiesAfter eachheartbeatregardless
of its origin, thereis a period u, called the refractorytime,
duringwhich no otherheartbeatanbe expressedThus,if a
ventricular beat ~depolarizatioh falls inside the refractory
time v after a sinus beat, that ventricular beat is not ex-
pressedit is concealedblocked. However if the ventricu-
lar beat falls outside the refractory period, then it is ex-
pressecdand the following sinusbeatis usually blocked.In
somecasesfor example,if a ventricular ectopic beatfalls
during a relatively long sinus beat interval, the following
sinusbeatmay not be blocked,in this casethe V-beatis said
to be interpolated Althoughit is not evidentfrom the short
recordin Fig. 1, the sinusrate normally “uctuatesconsider
ably during the courseof the day @8# These uctuations
re ect the operationof a numberof differentmechanismso
that the cardiacoutputis matchedto physiologicalactivity
@94 The controlis exertedvia autonomicnerveactivity di-
rectly to the heartaswell asvia circulatinghormonesFac-
tors that modulatethe heartrate can also affect the mecha-
nismsunderlyingthe ectopicbeatformation @0#

Ventricularectopicbeatsmay arisefrom severaldifferent
electrophysiologicmechanisms@, 2# including the follow-
ing. In reentry the excitationwavefollowing a normalsinus
impulsetravelsthrougha loop of ventricularmuscleto reex-
cite the hearttissue,usually at a ®xeddelay after the normal
sinus beat. For example, a reentrant pathway could be
formedasa circuit of viabletissuein anareaof a scarcaused
by a previousmyocardialinfarction ~"heartattack'!. In trig-
gered activity, the action potential of the excitation wave
following a normalbeattriggersearly or late ventricularaf-
terdepolarizationsBoth typesof triggeredarrhythmiascan
leadto eithera singlebeat,or a sequenc®f impulsesbegin-
ning at a ®xedtime interval following the sinusbeat. The
third basicmechanisnfor ventricularectopicbeatsis anin-
dependentspontaneougpacemakerin the ventricleswhich
competeswith the normal sinus rhythm. This classof ar
rhythmiasis called parasystoleThe ventricular pacemaker
may havea ®xedfrequency or it may be resetby the sinus
pacemaker@,8% Independentof the mechanism,a given
ventricularbeatwill only be observedon the electrocardio-
gramif it falls outsideof therefractoryperiodinducedby the
precedingbeat.

Thecharacterizatiomf complexventricularrhythmsleads

PHYSICAL REVIEW E 66, 031901 ~2002

to the de®nitionof a numberof terms,illustratedin Fig. 1.
The sinusbeatinterval, Tg, is the time betweensuccessive
sinusbeatsandthe V-V intervalis the time betweensucces-
sive ventricularbeats.The couplinginterval, Cl, is the time
from an ectopicbeatto the previoussinusbeat. The number
of interveningsinusbeats NIB, betweereachtwo successive
ectopicbeatsis an integerthat may revealdistinctive statis-
tical propertiesAf the ®rstof the two ectopicbeatsis inter-
polatedwe do not includethe ®rstnormalbeatinto the NIB
value unlessotherwisestated.

Finally, for a giventime period,the numberof expressed
ectopicbeatsn,,, divided by thetotal numberof sinusbeats,
expresse@ndconcealedN, givesthefractionn, /N of beats
that are ectopic.One of the featuresthat makesthe study of
ventricular ectopic beatsso challengingis that all of these
parameteramay changeduring the courseof the day Al-
thoughthe precisemechanismshatleadto the changesnay
differ from personto person,n manycaseghereappeargo
be a strongcorrelationbetweenthesechangesandthe sinus
cycle time. Consequentlywe have developedsome tech-
niquesfor presentingclinical data, by plotting eachof the
abovequantitiesas a function of the sinuscycle time.

lll. HEARTPRINT PRESENTATIONS OF DATA

We plot the parameterslescribingcomplexarrhythmiain
the form of what we call dynamical ™ heartprints' seeFig.
21. The heartprintis away to representiependencelsetween
the sinusinterval and ! the ectopicinterval (V-V), +i! the
number of intervening sinus beats betweenectopic beats
~NIB!, and+ii! the Cl. We representhesedependencem
gray scaleplots ~wherethe darkershadingrepresentsnore
event$ @1# The ordinatein eachcaserepresentsghe sinus
beatinterval. The abscissaepresentshe V-V interval, the
NIB, andthe CI, respectively The histogramof sinus beat
intervalsis shownat theleft of the ®gure andthe histograms
of the V-V intervals,the NIB, andthe ClI are shownabove
thegrayscaleplots. Thuseachheartprintcontainssevenpan-
els.

In Fig. 2 we showthe heartprintsfor 24 h recordingsof
four differentpatientswith life-threateningheartdiseaseand
frequentventricularectopicbeats(. 5000beats/24!. Three
casesare associatedvith congestiveheartfailure @ ¢!,
and ~d!#, whereasRecord2 in ! is from a patientat high
risk of suddencardiacdeathwhoserecordalso showspro-
longed runs of consecutiveventricular ectopic beats-ven-
tricular tachycardis Thesefour patientsrepresentotable
classesf patternswe observedby inspectionof recordings
from ' 50 patientswith heartfailure. However they are not
intendedto representhe broad rangeof conditionsassoci-
atedwith prematureventricularbeatsWe brie’y describethe
heartprintof eachrecord, and then discussthe differences
betweenthem.

Recod 1. The heartprintof Record1 is shownin Fig.
2-al. Thegrayscaleplot of the V-V intervalsasa function of
the sinusbeatintervalsshowsa diagonalline structurecon-
sisting of linearly increasinglines implying that many V-V
intervals coexist for each sinus beat interval. Further the
V-V intervalsincreaselinearly with the sinusbeatinterval.
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FIG. 2. Heartprintsfor ; 24 h clinical records~a! Record1, b' Record2, €! Record3, and ~d! Record4. Seetext for a detailed

explanation.

This structureis a commonfeatureof suchrecordsand may
arisefrom therestrictionof the occurrenceof ectopicbeatsto
thetime intervalfollowing the refractorytime of the preced-
ing sinusbeat.If the variability of the coupling intervalsis
even more restricted,the line structurewill be more pro-
nounced However the histogramsof the V-V intervalsand
the NIB show little structure.The ectopic ventricular beats
predominantlyoccurwith a couplinginterval of 0.35£0.55s.
This record shows much less structurethan the following
records.

Recod 2. The heartprintof Record2 @ig. 2-b'# is very
different from that of Recordl. The histogramof the V-V
intervalsshowsa narrowpeakat approximately0.38+0.40s
and then severalbroad peaksat larger V-V intervals. The
narrowpeakatthe 0.38+0.40s is dueto ventricularcouplets
in which therearetwo consecutiveventricularectopicbeats,
or to longer sequencesf ventricular ectopic beatswithout
interveningsinusbeats.The gray scaleplot of the V-V inter
vals as a function of the sinusbeatintervalsagainshowsa
diagonalline structure.At some sinus ratesthere are two
paralleldiagonallines separatedby about0.38+0.40s which
areassociatedavith the frequentcouplets.The couplinginter
val is sharplypeakedn therangeof 0.6+0.7 s. In contrasto
the precedingexamplethe NIB showsomeinterestingstruc-
ture. For sinusbeatintervalslessthan1.0 s, low NIB values
~2+8 predominatewhereasfor sinusbeatintervalsgreater
than1.15s the NIBs take only odd values,mainly 5, 7, and
9.+ForTs. 1.1 s,thesingleectopicbeatsthatarenot partof

a couplet,areall interpolated As mentionedearlier, the nor-
mal beatimmediatelyfollowing an interpolatedone is not
includedin theNIB count.Thus,the NIB patternin Fig. 2-b!
is not changedby the appearancef the interpolatedbeatsl.

Recod 3. The sinus beatintervalsin the heartprint of
Record3 @®@ig. 2-c!# are constrainedn the narrow rangeof
Tsh 0.5% 0.10s. A prominentfeaturehereis thatthe histo-
gramof the V-V intervalsconsistsof equidistanipeakswith
aspacingof' 1.6 s.Thegrayscaleplot of theV-V intervals
now showsa verticalline structurere”ecting the observation
that the V-V intervals are integer multiples of a common
divisor independenbf the sinusbeatinterval. This suggests
that at the origin of the abnormalbeatsmight be a periodic
pacemakewith a periodT,/ 1.6 s @7# In thisrecordthere
is orderin the structureof the NIB that we will discussin
detail later. The couplingintervalstake all valuesin the in-
terval between 0.33 s andthe nextsinusbeat.

Recod 4. The heartprintof Record4 @ig. 2-d!#hassimi-
larities to Record 3 in that we seedistinct valuesfor the
NIBs. However the peaksin the V-V interval histogramare
not equidistantln fact, the diagonalline structureof theV-V
intervalsis a featurewe sawin Recordsl and 2. Also, the
couplinginterval histogramis peakedbut the gray scaleplot
of the coupling interval as a function of sinusbeatinterval
showsthat the ectopic beatscan occurin the time interval
between' 0.55 s andthe next sinusbeat.~-No interpolated
beatsare presentin this record!

We now brie'y describethe most apparentdifferences
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amongthe four recordsand their potentialrelevanceto the
underlyingmechanismsThe plots of the couplingintervalas
a function of the sinusbeatintervals show different struc-
turesin the differentrecords.In Record2, the couplingin-
terval is approximatelythe samefor all sinusrateswhereas
the otherrecordsshowmuchmorevariability. The refractory
time of the heartfollowing a sinusbeatmustbe shorterthan
the shortestcoupling interval. The longestcouplinginterval
must be shorterthan the sinus cycle time. Therefore,if all
possiblecoupling intervals occur for any given sinusrate,
therewill be analmosttriangular-or quadrilaterdl structure
in the CI gray scaleplots aswasobservedn Records3 and
4, and the lower bound of the coupling interval may give
information aboutthe refractorytime andits dependencen
the sinuscycle length.In the caseof ®xedcouplingintervals
the refractorytime may be estimatedrom the occurrenceof
interpolatedbeats.The shortestinterval occurringbetweena
V beatanda following interpolatedsinusbeatgivesanupper
limit for therefractorytime of the hearttissue.For Record2
we ®ndy' 0.57+0.6 s.

Sincea®xedcouplinginterval meanghatthe ectopicbeat
occursat a ®xedtime interval after a sinusbeat,®xedcou-
pling intervals have beentakento imply either a reentrant
mechanisnor atriggeredmechanismln contrastjf the cou-
pling intervalsvary over a broadrangefor any given sinus
cyclelength,thenthe ectopicmechanisnwould appeaito be
independenodf the precedingsinuscycle. This could occurif
there were an independentctopic pacemakeror if the ec-
topic beatsweregeneratedandomlyin time. In Recordl the
coupling intervalsappearto be quite broadand featureless,
suggestinga randommechanismwhereaghe ®xedtime in-
tervalsbetweenthe V-V beatsin Record3 suggestan inde-
pendentpacemakein this record.

The heartprintsalso show differencesin the patternsof
the NIB values.It is remarkablethat theserecordsshow
areaswherethe NIB valuesassumeonly odd values-asoc-
cursin Record2!, or assumeoneof thevalues2,5,8,11. ..
~as occursin Record 3!. Although previousworkers have
examined mechanismsthat can give rise to this sort of
rhythms @+13# the systematicstudy of arrhythmia over
long periodsof time is only madepossibleby computerized
analysisof extendedecordsA mechanisnthatmightappear
valid overa shortintervalmight beinconsistentvith the data
in an extendedrecord.

Anotherway to comparethe patternsof ectopyin differ-
entrecordsis to plot thefractionn,, /N of ventricularectopic
beatsasa function of the sinusbeatinterval Fig. 3!, where
ny is the numberof expressedvV beatsand N is the total
numberof normalbeats expresse@ndconcealedThe solid
pointsrepresenthe data,whereaghe opensymbolsandthe
superimposetinesrepresenthe behaviorof modelsthatare
presentedbelow Once again,there are distinct differences
amongtherecordsTheabovediscussiorsuggestsheoretical
modelsthatmight be appropriatefor the analysisof the com-
plex ectopy We presentthree different classesof models
whose basic featuresare intendedto capturefundamental
physiologicmechanisméncluding parasystol@andreentryas
describedn Sec.ll.
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FIG. 3. Fractionn,,/N of appearingV beats,whereny is the
number of appearingV beats,and N the sum of appearingand
concealednormal beats,versussinus beatintervals.~al Record1
togetherwith the simulationfrom Fig. 7. -b! Record2; ! Record
3, andthe resultof a correspondingsimulationof modulatedpara-
systole~Fig. 11!. The lines are given by Eq. ~7! for two different
periodsof the independententricularpacemakei5 1.67 s and
T\5 1.76 s,andtherefractorytime linearly dependenbn the sinus
beatinterval t5 0.29Tg1 0.17 s. Note that the curvesfor the data
and simulation with weak coupling deviatefrom the lines at Tg
5 0.55 s. d! Record4, and a simulation of strongly modulated
parasystolefig. 12!. The line is againgiven by Eq. ~7! with Ty,
5 1.5 sandu5 0.5 sandu5 0.55 s, respectively

IV. MODEL 1: RANDOM VENTRICULAR
ECTOPIC BEATS

Perhapsthe simplestassumptionconcerningthe ectopic
beatsis that they occur randomly in time. This model is
useful becauset servesas a baselinefor comparingheart-
prints, since the only way in which this model generates
patternsis throughthe refractorytimes of the sinusand ec-
topic beats We simulate@2#a recordin which the probabil-
ity for an ectopicbeatis py5 0.5/s @3# The distribution of
the V-V intervals of such randomly appearingectopic V
beatsis of the form

p~t!5 poexp2 pot!. ~1!

However sinceaftereachheartbeathe heartis refractoryfor
a time interval u, the appearancef the ectopicV beatsis
limited to time intervalswhenthe heartis not refractory This
generateshe diagonalline structurein the gray scaleplot of
theV-V intervals@lodel 1 in Fig. 4-al# For Tg ®xedandfor
smallDt5 Tg2 w. 0, thehistogramsf V-V intervalsconsist
of a seriesof sharppeakswith a spacingof approximately
Ts. Usingthe Poissordistributionwe ®ndthattheintegrated
densityin the peakcenteredat (n1 1)Tg is given by

~12 poDt!"pyDit. 2!
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FIG. 4. The heartprintfor the basicmodels@2# ~a Model 1, randomdistribution of ventricularbeats;-b! Model 2, ®xeddelay; ~!
Model 3A, independenpacemakerand~d! Model 3B, coupledpacemakerSeetext for a detailedexplanation.

The actualdistribution of the V-V intervalsfor ®xedTg lies
betweenthesetwo limiting casesEq. ~1! for zerorefractory
time andEqg. 2! for maximalrefractorytime.

We chooseu5 0.4 sin all simulationsof the basicmod-
els sincethis is a value typically found in clinical records.
Figure 5-a showsschematicallya beat sequenceaesulting
from sucha model.The heartprintgeneratedvith this model
is shownin Fig. 4-al. Foralargervalueof therefractorytime
u thediagonalline structurein the gray scaleplot onthe V-V
intervalsis more pronouncedapproachinghe discretecase
for u; Ts.

In the plots of couplingintervalsasa function of the sinus
beatintervals,the densitydistributionis uniform asexpected
for randomlydistributedV beats.

To ®nd an expressionfor the fraction of V beatsas a
function of the sinusbeatintervalswe start with the prob-
ability to ®nda V beatin atime period Tg, which is pgTg
5 0.5T5. The probability for the V beatto fall outsideof the
refractory time of a normal beatis given by (T2 u)/Ts.
The fraction of V beatsis thengiven by the productof these
two terms,

n
WVE’ Po~Ts2 U5 0.5Tg2 0.4, 3

Theline givenby Eg. 3! is plottedin Fig. 6-al. It overesti-
matesthe number of ectopic beatsbecausethe randomly

FIG. 5. Schematidllustration of the sequencef normal beats
~upperboxe$ and ectopicbeats-black barswith lower boxes for
thethreebasicelectrophysiologienodelsfor the generatiorof ven-
tricular ectopy Expressedeatsareshadedblockedbeatsareempty
~normalbeat$ or haveno box (V beats. The sinusbeatintervalis
TS5 0.7, the refractorytime ~boxed is U5 0.4 ~arbitrary unitd. ~al
Model 1, randomV-beatdistribution-Model 1!; ~b! Model 2, ®xed
delay with a coupling interval CI5 0.5 ~Model 2!; and ~€! Model
3A, independenpacemakerparasystolewith the periodT\5 1.2.
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FIG. 6. Fractionn,,/N of manifestV beatsplottedagainstsinus
beatintervalsfor modelsimulations~Fig. 3!. ~a Model 1 +andom
distributionof V beats, andEq.-3!. -b! Model 2 (V beatsrandomly
generatecby a precedingnormal beatwith a ®xedcouplinginter
vall and Egs. 4! and -5!. ! Model 3A ~ndependenpacemaker
with the periodT,' 1.5 s) andEq.~7!. ~d! Model 3B, the sameas
~¢! butwith the couplingshownin Fig. 10 betweerthe pacemakers.
The coupling changeghe curve signi®cantly

timedV beatsmay block eachotherdueto the refractoriness
of the hearttissue.This reduceghe probability p, andthere-
fore the slopein Fig. 6-al.

The assumptionof random occurrenceof ectopic beats
doesnot fully correspondo the dynamicsobservedn any of
the records Although the datain Recordl havesomesimi-
larity to whatis expectedwith randomlyoccurringventricu-
lar beats this recordis betterdiscussedn the contextof the
next model.

V. MODEL 2: V BEATS WITH FIXED COUPLING
INTERVALPDREENTR Y AND TRIGGERED ACTIVITY

In Record2, all of the ectopicbeatsoccurat a ®xedcou-
pling interval following the precedingsinusbeat.A simple
modelthat could display suchdynamicsis the one basedon
areentranimechanisnor a triggeringmechanismAfter each
expressedhormalbeatwe generatea V beatwith probability
p. If aV beatappearsit occursata®xedcouplinginterval Cl
after the normal beatas shownin Fig. 5-b!. In a simulation
@2 of the model, we chooseClI5 0.6 s, and p5 0.36.The
resulting heartprintis shownin Fig. 4-b! ~Model 2!. V beat
activity starts when Tg. Cl. The ®xed delay leadsto a
straightline at CI5 0.6 s in the gray scaleplot of the cou-
pling intervals.The distributionof the numberof intervening
beats-NIB! is independentf the sinusbeatintervalssince
the probability for the appearanceof a V beat does not
changewith T5. Consequentlythe probability that the NIB
valueis equalto n1 1 isgivenby (12 p)"p. In Fig. 50! we
seethat, for NIB5 n, theV-V intervalis (n1 1)Tg, andthis
is re ectedin the gray scaleplot for the V-V intervalsin Fig.
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4-l. The smallestV-V interval is thereforeequalto 2Tg
5 1.2 ssinceeveryV beatconcealdhe nextnormalbeatand
only the next normal beatcan generateanotherV beat. For
TglargerthanCl1 ' 1.1sall V beatsareinterpolatedj.e.,
the following normal beatsare not concealedand may gen-
eratea V beaton their own. In this case,the smallestV-V
distances equalto Ts. Thisis the only exceptionwherethe
NIB valuesfollowing aninterpolatedV beatdo include the
nonconcealediormal beatbecausetherwisewe may gener
ateNIB5 0, which is not possiblein the mechanism.

To calculatethe fraction of V beatswe mustconsiderthat
only expressedormal beatsgenerateV beats,and subtract
the number of concealednormal beats (5 number of ex-
pressed/ beatsny) from thetotal numberof normalbeatsN.
Henceny5 (N2 ny)p, 0

Ny

p
—5 — |
N T1p ~4!
For p5 0.36,n,, /N5 0.2647.In Fig. 6-b!, we plot n,,/N and
comparewith the simulatedcurve. For Tg larger than Cl
1 u5 1.0 s no normal beats are concealed,such that all
beatscontributeto the generatiorof V beats,andwe ®nd

Ny
W5 p forTs 1.0 s. 5!

Comparisonwith Recod 1. The rhythm displayedin
Recordl in Fig. 28 hasfeaturesn commonwith Model 1
in Fig. 4-al, as well aswith Model 2 in Fig. 4-b!. The V-V
intervalsand the couplingintervalsare more restrictedthan
in Model 1 but lessthanin Model 2. This is not dueto a
large refractorytime v, sincethe gray scaleplot of the cou-
pling intervalsgives0.3+0.4 s as upperlimits for the refrac-
tory time. Therefore,we simulateRecord1 by assuminga
mechanisirsimilar to the ®xedcouplinginterval mechanism
of Model 2 in Fig. 4-b! where eachexpressecormal beat
generatesvith probability p a V beat.Insteadof ®xedcou-

FIG. 7. Simulationfor Record1l @ig. 2-al#in which eachnor-
mal beatgenerates V beatwith probability p5 0.045, similar to
Fig. 4-b! but the coupling intervalsare drawn from Gaussiandis-
tributed noise.The centerof the Gaussiaris linearly dependenbn
the sinusbeatintervals:0.291 0.21T5. We usethe sinusbeatinter-
vals of Recordl in the simulation.
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FIG. 8. Simulation of the reentry mechanismwith v oo
5 1.6 sanda ®xedtraveltime t5 0.6 s plus Gaussiardistributed
noise (s5 0.03 s), and refractorytime u5 0.6 s. The concealed
bigeminy (NIB5 1,3,5,7...) is reproducedbut in the dataNIB
5 1 doesnot appearThe coupletswerealsosimulatedby randomly
decidingwith probability 1/2 if a V beatshouldfollow a V beat.
Again, the sinusbeatintervalsfrom the datawere used.

pling intervals we use Gaussian-distribute@¢oupling inter-

valsto incorporateherandomnesfrom Model 1. The center
of the Gaussiardistributedcoupling intervalsincreasedin-

early with Tg. It is known that the refractorytime canin-

creasewith increasingsinusbeatintervals. For the simula-
tion, we alsousethe actualsinusbeatintervalsfrom the data.
The heartprintin Fig. 7 showsthe result. The featuresof

Recordl canalmostentirely be reproducedWe do not gen-
eratethe narrowpeakat very small V-V intervalssincethey
resultfrom ventricularcoupletswhich we do not includein

this simulation.

Comparisorwith Recod 2. Sincethereis a ®xedcoupling
intervalin Record2 @ig. 2-b'# this recordis a candidatefor
simulationby a modelfor reentryor triggeredactivity. The
heartprintof Record2 also showspeaksin the NIBs. These
cannotbe reproducedwith the basicModel 2. We have at-
temptedto simulatethe datain this recordby developinga
modelfor reentryin which the conductionthroughthe reen-
trant pathwaydependson prior activity. This physiological
propertycanbe describedvith arefractorytime v 4P U for
the reentrypathway@0,13¢ The travel time throughthe re-
entry loop ~which gives the coupling interval CI if a ven-
tricular beatis generatedmay dependon the recoverytime
that haselapsedsincethe previoustravel throughthe loop.
Thefunctionalform for this dependenceould be a decaying
exponential@4# The morethetime thathaspassedincethe
last travel through the loop, the faster the travel will be.
Eventuallyit may be so fast that the excitationwave meets
refractorytissueafter travelingthroughthe loop suchthatno
V beatis generatedThis modelis describedn the Appendix.

In Record2, howevey the coupling intervals are almost
®xed.We thereforechosefor the travel time a ®xednumber
plus some uctuations. If the travel time equalsthe refrac-
tory time theselittle "uctuationswill concealsomeventricu-
lar beats.Therefractorytime of the loop is chosensuchthat
the NIBs take only odd humbersas shownin the simulation
for Record? in Fig. 8.
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In the data,however mainly NIB5 5,7,9... arepresent
for Ts. 1 s. Thelower sinusbeatinterval partin Fig. 2-b!
can be generatedy settingthe refractorytime of the loop
largeenoughto reachNIB' 3,4,5 i.e., Ui o0p 5Ts, andadd-
ing a lot of noise.

Thus, the generationof both, the low and the high Tg
patternspresentin Fig. 2-b!, seemampossiblewith the cur
rentmodelwith ®xedparametesettings.The doublelinesin
Fig. 2-b! are reproducedin Fig. 8 by randomly allowing
ventricularbeatsto be followed by otherventricularbeats.

VI. MODEL 3A: INDEPENDENT PACEMAKERSDPURE
PARASYSTOLE

We now assumehat an independenpacemakewith pe-
riod Ty is the sourceof the ventricularbeatsasshownin the
cartoonin Fig. 5-€!. This mechanismis called pure parasys-
tole @,9% and Fig. 5¢! displaysa schematicplot of a beat
sequenceThe heartprintresultingfrom a simulation @2# of
this modelwith Ty5 1.75 sandu5 0.4 sisshownasModel
3Ain Fig. 4~¢!. The histogramof the V-V intervalsconsists
of equidistantpeakswhich are separatedy the period Ty, .
The fact that thereis more than one peakis dueto the re-
fractorytime which concealsomeof theabnormabeatsand
leadsto V-V intervalsthat areintegermultiplesof T,,. The
correspondinggray scaleplot showslines that are not tilted.
We alsoseethatat mostthreedifferentV-V intervalsor NIB
valuesare found for any given sinusbeatinterval.

A mathematicabescription@®,9% of sucha modelintro-
ducesthe phasef ; of theith V beatin the sinuscycle,i.e.,
the couplingintervaldivided by Tg. Successivealuesof f ;
are determinedby iterating the differenceequation-circle
mag,

fi115~;1Ty/Tg! modl, 6!
wherea V beatis expressedf f;;,. u/Tg. This equation
dependn only two parametergthe ratio of the two periods
Ty/Tg, andthe ratio of the refractorytime to the sinuspe-
riod u/Tg. For an irrational ratio T,,/Tg “ncommensurate
periods the V beatswill, for suf®cientlylong times, be
equallydistributedin the sinuscycle,i.e., the phases ; will
take all valuesbetweenu and 1 with equalprobability The
NIB sequencehen has the following properties@,9% !
thereare at mostthreedifferentvaluesfor the NIB; +i! the
sum of the two smallerNIBs is the largestNIB minusone;
and +ii! only one of the NIB values is odd. The
ulTg, TylTgsparameterspace can be completely parti-
tionedinto regionsof thesetripletsasin Fig. 9. If theratio of
the periodsof the two pacemakerss closeto an integern,
the sequencef NIBs containdong sequencesf n2 1 inter
rupted occasionallyby two large numbers.For n5 2 this
yields a patterncalled bigeminy (NIB5 1), sinceeverysec-
ond beatcan be a V beat; for n5 3 the rhythm is called
trigeminy.

The uniform distribution of the phasesf the V beatsal-
lows usto derivethe fraction of V beatswhich areobserved
at a particularTg. The probability for a V beatto be gener
atedin a time period Tg is given by Tg/T,,. Of thesea
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FIG. 9. Parameteplots of the NIB tripletsin parasystoleasadaptedrom Ref. @4 For eachsetof parameters/Tg, Ty /TgthreeNIB
valuesmakeup the NIB sequenceThe organizationof the sequencearieswithin the regionof any giventriplet. The dashedinesindicate
increasinglynarrowregionswith tripletsmadeup from T, /Tg2 1, andtwo large numbersThe dashedarrowson theleft-handsideshowthe
regionrelevantfor Record4, andthe dashedarrow on the right-handside for Record3.

fraction of (T2 1)/Tg occursoutsidethe refractory period
andis observedThe ratio of the numberof the observeadv
beatsn,, to the total numberof normal beats-observedand
concealetlN is then @5#

ny TgTs2 u |
N~ Ty Tg ° 7
Perturbationof the timing of the V beatsby noise doesnot
affect this distribution sinceit doesnot affect the uniform
distributionof the phasesBut any couplingbetweerthe two
oscillatorswill changethis distributionaswell asthe distri-
bution of the couplingintervalsin dependencen the sinus
beatintervals @5#

Comparisonwith Recod 3. ComparisonbetweenModel
3A in Fig. 4! andRecord3 in Fig. 2! immediatelysug-
geststhat the origin of the V beatsin Record3 may be an
independentparasystolit pacemakerin the V-V interval
histogramFig. 2!, we see,however that the peakshave
some broadnessA closer look at the correspondinggray
scaleplot revealsa substructuren the vertical lines. This
substructureconsistsof parts of the diagonallines familiar
from Fig. 2-al. It seemghat the presentmechanisnselects
thosepoints out of underlyingdiagonallines which equala
multiple of the period Ty, plussomenoise.The noiseleadsto
the broadnes®f the vertical lines.

As mentionedabove,in the caseof parasystoleve expect
the occurrenceof only three different NIBs, whosevalues
dependon the sinusinterval. But, we clearly ®nhdmorethan
three NIB valuesfor eachsinus beatinterval. Comparison
with the theoretical values for the NIB in Fig. 9
(, 2.5Ty/Tg, 3.5u/Ts 0.6) showsthatthe NIB valuesat
the edges(Ts, 0.53 sandTs. 0.57 s) arereproducedin
addition to the triplet we ®ndthe NIBs from neighboring
sinusbeatintervals.In the center however we ®ndthe NIB
sequence,5,8,11 insteadof just 2. Thesediscrepanciefrom
pure parasystolecanbe accountedor by noiseaffecting the
periodsof the two pacemakerg@7#

Anotherimportantfeatureof a systemof two uncoupled
oscillatorsis the uniform distribution of the phaseshift be-

tweenthe two oscillatorswhich correspondgo the uniform
distributionin the gray scaleplot of the couplingintervalsof
Model 3A in Fig. 4~!. For Record 3, the entire allowed
triangularspaceis ®lledbut the varying gray scaleimplies a
nonuniform distribution of the probability Some coupling
intervals are preferredcomparedto others.In addition, we
comparethe fraction of V beatsin the data@®ig. 3~c!#andin
thesimplemodelfor pureparasystole®ig 6-¢!# We ®ndthat
closeto theratio Ty/Tsb 3 manyV beatspredictedby the

FIG. 10. Coupling mechanismbetweentwo pacemakersThe
changeDT,, of the period of the V oscillator as a function of the
ratio of thetime t,,, betweerthe lastV beatanda normalbeat,and
Ty . The couplingshortenghe intrinsic Ty, to the apparenfTy, . ~a
showsthe weak couplingusedto simulateRecord3 in Fig. 11. -b!
showsthe strongcouplingusedto simulatethe modelin Fig. 4~d!.
~¢! showsthe couplingusedto simulateRecord4 in Fig. 12.
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FIG. 11. Simulationof weakly coupledpacemakerbasedon the
sinusbeatsof Record3 andthe couplingshownin Fig. 10-al. Some
noise(s5 0.07 s) is addedto the timings of the ventricularpace-
maker and the sinus beat intervals of Record3 are usedin the
simulation. Comparisonwith Fig. 2~! showsthat the simulation
reproducesnostof the patternsof Record3. The couplingreduces
the numberof ventricularbeatsthataregeneratedThe narrowpeak
in the couplingintervalis not reproduced.

model are “missing' in the data. The reasonfor thesedis-
crepanciesnaybethe couplingbetweerthe sinuspacemaker
andthe ectopicpacemakex@6# We will thereforecontinue
to discussthis recordin the following sectionasan example
of weakly coupledparasystole.

VIl. MODEL 3B: COUPLED PACEMAKERDMODULA TED
PARASYSTOLE

An extensionof the third model assumeshat the sinus
rhythmresetsor modulates@7#the ectopicpacemakem the
ventricles ®,8,28¢ This interactioncan be formulatedas a
phaseresettingcurve +Fig. 10!, which gives the changeof
the periodof the extrapacemakeasa function of the timing
of an interveningsinusbeat.A sinusbeatappearingin the
®rstpart of the ventricularcycle eitherhasno effect or pro-
longsit. In contrasta sinusbeatappearingn the secondoart
of the ventricularcycle shortenghe cycle @,8,2# This sec-
ond part may extendover mostof the range.

A systemof coupledpacemakergan be describedby a
differenceequation@9# In its mostgeneralform therewill
alsobe stochastic uctuations on the timings of the V beats,

f~f: T, Tyl A
|115S]- V — sV Dmodl -8!

T,
where/ is a Gaussiammandomvariabledistributedaroundo,
andf(f;,Ts,Ty) givesthe iteratively addedchangeof Ty,
dueto the coupling of the normalbeatsto the V beats@®, 84
Comparisonwith Recod 3. In Record3 in Fig. 2! the
basicfeaturesof parasystolare preservedin arecentstudy
@7# we usedthe coupling shownin Fig. 10-al to simulate
this heartprintusing the sinusbeatsof the actualdata. The
resultis shownin Fig. 11. Sincethe coupling shortensTy,
only by 7.6%, the basic structureof parasystolds present:
equidistantvV-V intervals,the NIB triplets, and uniform dis-
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FIG. 12. Simulationof a modelwith stronglycoupledpacemak-
erswith the sinusbeatintervalsof Record4. Gaussiardistributed
noisewith astandardleviations5 0.1 swasaddedo the periodof
the V beats(T,5 1.50 s). The refractorytime is u5 0.55 s. The
couplingis shownin Fig. 10-!.

tribution of the coupling intervals. The coupling leads, for

Ty/Tg 3, to a®xedpointin Eq. 8!, suchthatthe V beats
alwaysfall in the refractory period of the normal beatand
thusare alwaysblocked @0# In combinationwith the noise
thatmovesthe V beatsrandomlyin andout of the refractory
time, the blockingmechanisngivesriseto a discretePoisson
processleading to an approximatelyexponentialfalloff of

the peakheightsof the NIB values2,5,8 ... @,3% Finally,

the model gives an accurateestimateof the fraction of V

beatsasa function of Tg shownin Fig. 3-b!.

For otherinteractionsall resemblancéo parasystolenay
belost. In Fig. 4-d! we presenthe heartprintof a simulation
of two strongly coupledpacemakersising the samesystem
asfor thetwo uncoupledpacemakerin Fig. 4~!. The phase
responsecurve of the coupling is shownin Fig. 10!, it
shortensthe time remaininguntil the next V beatby up to
60%. The peaksin the V-V interval histogramare not equi-
distant,andthe V-V intervalsshowthe diagonalline struc-
ture we have seenbefore. Somestructureis still presentin
the gray scaleplot of the NIB but doesnot correspondo the
triplets. The uniform distribution of the couplingintervalsis
replacedby a strongly peakedone which is more similar to
the ®xeddelaysimulationthanto the uncoupledoacemakers.
In this caseit is dif®cultto recognizeparasystolet all and
will be evenmoredif®cultin the presenceof noiseon both
mechanismsin generalfor a strongcoupling,thedistinction
betweencoupled parasystoleand a mechanismwith ®xed
delayis very dif®cult,sincethe couplingleadsto phasdock-
ing which is effectively a ®xeddelay

Comparisonwith Recod 4. The heartprintof Record4 is
shown in Fig. 2~d!. Since the coupling intervals cover a
broadrange a parasystolianechanisnmseemsossible How-
ever in contrastto Record3, in which the V-V intervalsare
multiplesof acommondivisor, the V-V intervalsof Record4
are more widely dispersed.Therefore, if the underlying
mechanisms parasystoleresettingmust play an important
role. This is alsoevidentwhencomparingthe NIB triplets of
the datato thosefor uncoupledparasystolen Fig. 9, where
the leftmostdashedarrow indicatesthe rangeof this record.
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FIG. 13. Schematiglot of a reentrymodelincludinga variable
refractorytime for the reentrypathway

We estimateT,' 1.5 s, and ¢ 0.55 s from the shortest
V-V andCl interval, respectivelyWe carriedout simulations
usingvariousresettingfunctions.We wereableto ®ndagree-
ment with some aspectsof the data. Figure 12 showsthe
resultsusingthe resettingcurve Fig. 10-€!. In the simulation,
there is a broad region of concealed bigeminy NIB
51,35,7... forTgs Ty/2' 0.8 s.In contrastjn Record4
thereis, for Tg' 0.8 s, a strongpresenceof NIB5 1, and3
only. Although there are qualitative similarities in the gray
scaleplots of the V-V and Cl intervals,thereis only partial
agreemenwith the NIB gray scaleplot. We think the under
lying mechanismis not clearband may not be parasystolic.

VIIl. DISCUSSION

Reducedto the most basic terms, cardiacrhythms arise
from a small number of fundamentalprocessesnvolving
pacemakerandwavesof activation~depolarizatioh andre-
covery~epolarizatioh. Thewavescanpropagater theycan
be blocked. If the waves propagate characteristicof the
propagatiorsuchas the durationof the action potentialand
the velocity of the propagatiorusually dependon the physi-
ological stateof the systemAll this activity takesplacein an
anatomicallycomplexstructure.

Given thesestraightforwardtheoreticalconceptsand the
importanceof cardiacarrhythmiafor humanhealth,it is per
hapssurprisingthatour understandingf cardiacarrhythmias
is notmoreadvancedCertainly someof the striking patterns
thatwe havedescribedare apparenbn eventhe mostsuper
®cial examinationof the electrocardiogramand have been
the subjectof clinical descriptionclassi®cationandtheoret-
ical modelingfor almosta hundredyears.A problemis that
different theoreticalmodelscan accountfor the sameelec-
trocardiographigattern.For example a bigeminalrhythmin
which sinus beatsand ectopic beats alternatecan be ac-
countedfor by reentry@2# modulatedparasystole®,6,8% or
by triggeredautomaticity@# Consequentlyshowingagree-
ment betweena short stretch of an electrocardiographic
recordanda given model doesnot constitutea sharptest of
atheoreticaimechanismComputeranalysesarriedout over
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longer time intervals are essentialfor a critical test of any
hypothesizednechanism.

Only a few previousstudieshaveconsideredn detail the
dynamicalfeaturesof complexarrhythmiaasprovidedby 24
h electrocardiographitiolter taperecordings@1,13,14,2&
The importantfeatureof the currentwork is the comparison
of the simulateddynamics-using a hypothesizedheoretical
mechanisrhwith the observeddynamicsoverlong times.In
developingthe theoreticalmodels,we focus on observable
featuresof the dynamicsto give insightinto the underlying
mechanismsEctopic beatsare only observedduring time
intervalsduring which the heartis excitable.Consequently
the gray scale-heartprint plots of the couplingintervalsasa
functionof the sinusrate,givesinformationabouttherefrac-
tory period of the heart. If the coupling interval varies
widely, this is an indication of a lack of tight coupling be-
tweenthe sinus beatand the ectopic beatas was found in
Figs. 2€! and 2-d!. In contrast,if the coupling interval is
con®nedo a narrowrangeasin Fig. 2-b!, this indicatesthat
thereis a stronginteractionbetweenthe sinusbeatand the
generationof the ectopic beat.In most cases,as a conse-
quenceof the refractory time, there are elevateddensities
alongthe diagonalsin the gray scaleplots of the V-V inter-
vals asa function of the sinuscycle length, Figs. 2-al, 2-b!,
and 2-d!. An exceptionoccurswhen the ectopic beatsare
associatedvith anindependenparasystoligpacemakerrig.
2!, leadingto vertical lines in the gray scaleplots of the
V-V intervals as a function of the sinus cycle length and
sharppeaksseparatedy multiples of a commondivisor in
the histogramof the V-V intervals. Striking regularitiesin
the distributionof the numberof sinusbeatsinterveningtwo
ectopic beatsare evidentin Figs. 2-b!, 2!, and 2!, but
only for Fig. 2! wasit possibleto developa convincing
theoreticalinterpretation.

We believethat our dif®cultiesin replicatingthe dynam-
ics of someof the records,especiallyRecord2, Fig. 2!,
re ect fundamentalde®cienciein our understandingf ba-
sic underlyingmechanismsWe believethatin orderto help
determinethe underlyingmechanisnin this and other sub-
jects, it might be usefulto combinethe analysisof the long
term electrocardiographidapes with direct investigations
that are possiblein subjectswho are undegoing clinical
electrophysiologicaktudiesthat enablestimulation and re-
cordingdirectly from the patients heart.

The currentwork demonstrateshat complexarrhythmia
in humanheartsrecordedover long timesdisplaysa number
of dynamicfeatures Appreciationof thesefeaturesis pos-
sible using computeraided analysisof datarecordedover
long times. Better understandingf the underlying mecha-
nismsof theserhythmsshouldfacilitate the developmenbf
theoreticalmodels.However at the presenttime, it is clear
that one model doesnot ®t allbeach of the caseswe have
studiedhasuniquedistinguishingfeatures Developinga bet-
ter classi®catiomf the mechanismainderlyingthe complex
rhythmsshouldbe possible but suchefforts will necessarily
involve extensivedata analysis,physiologicalinsight, and
simulationof nonlinearequations.
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APPENDIX: MODEL FOR REENTRY

Figure 13 showsa schematilot for the beatsequencén
amodelfor reentry The boxesrepresenthe sinusbeatswith
their refractory time ~empty boxes indicate blocked sinus
beats, the black barsare the V beats-empty barsindicate
locked V beat$. Here everyV beatblocksthe following si-
nusbeatevenif it is aninterpolatedbeat.Fluctuationsin the
otherwiseconstantsinus beatintervals are indicatedby the
dashedarrow above.Without “uctuations this model gener
atesstablebeatsequencedA sinusbeatcan startan excita-
tion traveling throughthe reentryloop, indicatedby the di-
agonalline. Thetraveltime ¢ throughthe reentryloop is the
horizontalprojectionof this diagonalline. If it endsafterthe
refractorytime of the sinusbeat,a V beatis generatedblack
bat. Thetraveltime dependn the recoverytime -numbers
givenin units of Tg), the time elapsedsincethe last excita-
tion enteredthe loop. The travel time is shorterif the recov-
ery waslonger After an excitationtravelsthroughthe loop,
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no matterif it resultsin aV beator not, the reentryloop will
be refractoryfor a time v, indicatedby the gray narrow
trapezoid. During this time no excitation can propagate
through the reentry loop. The upper panel the of Fig. 13
indicatesthat travel time {(2Tg) is much longer than the
refractorytime v, suchthatall propagationshroughtheloop
resultin aV beat.Thetraveltime is longerif a shortersinus
beatinterval prolongsthe recoverytime ~dashedarrow. In
the presentasethe traveltime is still longerthanthe refrac-
tory time and the beatsequencas unchangedThe middle
panelof Fig. 13 indicatesthatthe traveltime ¢ is almostthe
sameastherefractorytime v, i.e.,for arecoverytime of 2Tg
with the presentsinus beat interval Tg the travel time is
shorterthanthe refractorytime. Only if a shortersinusbeat
interval occurs,the travel time becomedong enoughto re-
sultin aV beat.Thus,if thetraveltime is of the durationof
the refractory time, "uctuations of the sinus beatintervals
changethe beat sequencesigni®cantly The resulting NIB
sequencehere consistsof the values1,3,5. .., a pattern
called concealecbigeminy The lower panelof Fig. 13 indi-
catesthatin the upperand middle panelthe refractorytime
of thereentryloop is too shortto play anyrole. In this case
the very long refractorytime of the reentryloop dominates
the beatsequenceThe excitationof only everyfourth sinus
beatcan enterthe reentryloop. In the presenceof "uctua-
tions, alsothe third sinusbeatmay alsogeneratea V beat.
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