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Individualshavingfrequentabnormalheartbeatsinterspersedwith normalheartbeatsmaybe at an increased
risk of suddencardiacdeath.However, mechanisticunderstandingof suchcardiacarrhythmiasis limited. We
presenta visual andqualitativemethodto displaystatisticalpropertiesof abnormalheartbeats.We introduce
dynamical `̀ heartprints'' which reveal characteristicpatternsin long clinical recordsencompassing' 105

heartbeatsand may provide information about underlying mechanisms.We test if thesedynamicscan be
reproducedby modelsimulationsin which abnormalheartbeatsaregenerated~i! randomly, ~ii ! at a ®xedtime
interval following a precedingnormal heartbeat,or ~iii ! by an independentoscillator that may or may not
interactwith the normalheartbeat.We comparethe resultsof thesethreemodelsandtest their limitations to
comprehensivelysimulatethe statisticalfeaturesof selectedclinical records.This work introducesmethods
that can be usedto test mathematicalmodelsof arrhythmogenesisand to developa new understandingof
underlyingelectrophysiologicmechanismsof cardiacarrhythmia.
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I. INTRODUCTION

The humanheartdisplaysan extraordinarilylarge range
of complexrhythms,in both healthanddisease@1,2#. In the
normalindividual all beatsarisefrom theupperchambersof
the heart, the atria, in a rhythm set by a specializedpace-
makerregion called the sinusnode.In someindividuals, in
additionto normalsinusbeats,therearealsoabnormalbeats
originating from the ventricles,the lower chambersof the
heart.The sporadicappearanceof such ventricular ectopic
beatsis commonandis not necessarilya causefor concern.
However, an increasednumberof prematureventricularec-
topic beatshas been associatedwith an increasedrisk of
suddencardiacdeath@3#. 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 werecarriedout in patientstreated
with drugs that decreasethe numberof ventricularectopic
beats,the results surprisingly and dismayingly showedan
increasedrate of suddendeathin the patientswho received
the medicationcomparedto thosewho receiveda placebo
@4#. Therehasbeena subsequentdiminutionin interestin the
analysisof the correlationsbetweenfrequentectopic beats
andsuddendeathin the clinical literature.

The premiseof the current work is that the dynamical
patterns,not simply the number, of ventricularectopicbeats
may containimportant information concerningthe underly-
ing mechanismsof arrhythmia.Further, thesemechanisms
canbeprobedby appropriatequantitativeanalysisof lengthy

~about 24 h! records,therebypossibly helping to identify
individualsat high risk.

A variety of different quantitativeapproacheshavebeen
proposedto evaluateventricular ectopic beats.Theseap-
proachesinclude: counting the numberof such beatsin a
given time interval, developingmathematicalmodelsof ec-
topic beatsand ®tting theseto observeddatafor short time
intervals@5±10#; and using computersto analyzedataover
severalhoursby developingnovel methodsto plot data to
underscoremechanisms@11±13# or scalingproperties@14±
16#. Although thesemethodsyield important information,
they have not beenuseful in decodingthe mechanismsof
ectopicbeatsbasedon quantitativeanalysisof thedynamics.

To achievethis goal, we developa methodto analyzein
detail the transient dynamics of ectopic beats in lengthy
records,and we systematicallystudy how different models
canaccountfor the observeddynamicalpatterns.The struc-
ture of the paperis as follows. In Sec.II we introducethe
basic terminology concerningthe beat intervals in cardiac
arrhythmia. In Sec. III we introduce four clinical 24 h
recordswhich wereselectedto illustratedifferentpatternsof
complexarrhythmia.We do this by introducinga procedure
we call thedynamical̀ `heartprint''Ða graphicalmontageof
histogramsuseful in identifying different propertiesof the
arrhythmiaandtheir changes.In Secs.IV to VII we present
four simplemodelsto studythe dynamicsof ventricularec-
topic beats.We try to understandthe dynamics in `̀ real
world'' clinical datain termsof thesemodels.A discussion
follows in Sec.VIII. A preliminaryaccountof someaspects
of this work hasrecentlyappearedin Ref. @17#.

II. TERMINOLOGY CONCERNING BEAT INTERVALS IN
CARDIAC ARRHYTHMIA

Figure 1 showsan excerptof an electrocardiogramof a
patientwith normalsinusbeats~S! aswell asabnormalven-*Electronicaddress:frohlind@argento.bu.edu
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,tricularectopicbeats(V), whicharedistinguishableby their
characteristicmorphologies.After eachheartbeat,regardless
of its origin, thereis a period u, called the refractorytime,
duringwhich no otherheartbeatcanbeexpressed.Thus,if a
ventricular beat ~depolarization! falls inside the refractory
time u after a sinus beat, that ventricular beat is not ex-
pressed;it is concealed~blocked!. However, if the ventricu-
lar beat falls outside the refractory period, then it is ex-
pressedand the following sinusbeat is usually blocked.In
somecases,for example,if a ventricularectopicbeat falls
during a relatively long sinus beat interval, the following
sinusbeatmaynot beblocked,in this casetheV-beatis said
to be interpolated. Although it is not evidentfrom the short
recordin Fig. 1, the sinusratenormally ¯uctuatesconsider-
ably during the courseof the day @18#. These¯uctuations
re¯ect theoperationof a numberof differentmechanismsso
that the cardiacoutput is matchedto physiologicalactivity
@19#. The control is exertedvia autonomicnerveactivity di-
rectly to the heartaswell asvia circulatinghormones.Fac-
tors that modulatethe heartrate can also affect the mecha-
nismsunderlyingthe ectopicbeatformation@20#.

Ventricularectopicbeatsmay arisefrom severaldifferent
electrophysiologicmechanisms@1,2# including the follow-
ing. In reentry, theexcitationwavefollowing a normalsinus
impulsetravelsthrougha loop of ventricularmuscleto reex-
cite thehearttissue,usuallyat a ®xeddelayafter thenormal
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-
terdepolarizations.Both types of triggeredarrhythmiascan
leadto eithera singlebeat,or a sequenceof impulsesbegin-
ning at a ®xedtime interval following the sinus beat.The
third basicmechanismfor ventricularectopicbeatsis an in-
dependentspontaneouspacemakerin the ventricleswhich
competeswith the normal sinus rhythm. This classof ar-
rhythmiasis called parasystole.The ventricular pacemaker
may havea ®xedfrequency, or it may be resetby the sinus
pacemaker@6,8#. Independentof the mechanism,a given
ventricularbeatwill only be observedon the electrocardio-
gramif it falls outsideof therefractoryperiodinducedby the
precedingbeat.

Thecharacterizationof complexventricularrhythmsleads

to the de®nitionof a numberof terms,illustratedin Fig. 1.
The sinusbeatinterval, TS , is the time betweensuccessive
sinusbeatsandthe V-V interval is the time betweensucces-
sive ventricularbeats.The coupling interval, CI, is the time
from an ectopicbeatto the previoussinusbeat.The number
of interveningsinusbeats,NIB, betweeneachtwo successive
ectopicbeatsis an integerthat may revealdistinctivestatis-
tical properties.~If the ®rstof the two ectopicbeatsis inter-
polatedwe do not includethe ®rstnormalbeatinto the NIB
valueunlessotherwisestated.!

Finally, for a given time period,the numberof expressed
ectopicbeats,nV , dividedby thetotal numberof sinusbeats,
expressedandconcealed,N, givesthefractionnV /N of beats
that areectopic.Oneof the featuresthat makesthe studyof
ventricularectopicbeatsso challengingis that all of these
parametersmay changeduring the courseof the day. Al-
thoughtheprecisemechanismsthat leadto thechangesmay
differ from personto person,in manycasesthereappearsto
be a strongcorrelationbetweenthesechangesandthe sinus
cycle time. Consequently, we have developedsome tech-
niquesfor presentingclinical data,by plotting eachof the
abovequantitiesasa function of the sinuscycle time.

III. HEARTPRINT PRESENTATIONS OF DATA

We plot the parametersdescribingcomplexarrhythmiain
the form of what we call dynamical`̀ heartprints'' ~seeFig.
2!. Theheartprintis a way to representdependencesbetween
the sinusinterval and~i! the ectopicinterval (V-V), ~ii ! the
number of intervening sinus beats betweenectopic beats
~NIB!, and ~iii ! the CI. We representthesedependencesin
gray scaleplots ~wherethe darkershadingrepresentsmore
events! @21#. The ordinatein eachcaserepresentsthe sinus
beat interval. The abscissarepresentsthe V-V interval, the
NIB, and the CI, respectively. The histogramof sinusbeat
intervalsis shownat theleft of the®gure,andthehistograms
of the V-V intervals,the NIB, and the CI are shownabove
thegrayscaleplots.Thuseachheartprintcontainssevenpan-
els.

In Fig. 2 we show the heartprintsfor 24 h recordingsof
four differentpatientswith life-threateningheartdiseaseand
frequentventricularectopicbeats(. 5000beats/24h!. Three
casesare associatedwith congestiveheart failure @~a!, ~c!,
and ~d!#, whereasRecord2 in ~b! is from a patientat high
risk of suddencardiacdeathwhoserecordalso showspro-
longed runs of consecutiveventricular ectopic beats~ven-
tricular tachycardia!. Thesefour patientsrepresentnotable
classesof patternswe observedby inspectionof recordings
from ' 50 patientswith heartfailure. However, they arenot
intendedto representthe broadrangeof conditionsassoci-
atedwith prematureventricularbeats.We brie¯y describethe
heartprintof eachrecord,and then discussthe differences
betweenthem.

Record 1. The heartprintof Record1 is shown in Fig.
2~a!. Thegrayscaleplot of theV-V intervalsasa functionof
the sinusbeatintervalsshowsa diagonalline structurecon-
sisting of linearly increasinglines implying that many V-V
intervals coexist for each sinus beat interval. Further, the
V-V intervals increaselinearly with the sinusbeat interval.

FIG. 1. Electrocardiogramovera time interval6.6 s of a patient
with heartfailure ~Record3 of Fig. 2!. Sinus~S! andventricular~V!
beatsdiffer in shape.The ventricularectopicbeatseachblock the
appearanceof a sinusbeatbut do not alter the sinusrhythm other-
wise.Examplesfor a couplinginterval~CI!, anda V-V intervalwith
the correspondingnumberof interveningsinusbeats~NIB! are in-
dicated.
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This structureis a commonfeatureof suchrecordsandmay
arisefrom therestrictionof theoccurrenceof ectopicbeatsto
the time interval following the refractorytime of thepreced-
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 ectopicventricularbeats
predominantlyoccurwith a couplingintervalof 0.35±0.55s.
This record showsmuch less structurethan the following
records.

Record 2. The heartprintof Record2 @Fig. 2~b!# is very
different from that of Record1. The histogramof the V-V
intervalsshowsa narrowpeakat approximately0.38±0.40s
and then severalbroad peaksat larger V-V intervals.The
narrowpeakat the0.38±0.40s is dueto ventricularcouplets,
in which therearetwo consecutiveventricularectopicbeats,
or to longer sequencesof ventricularectopicbeatswithout
interveningsinusbeats.Thegrayscaleplot of theV-V inter-
vals as a function of the sinusbeatintervalsagainshowsa
diagonal line structure.At somesinus rates there are two
paralleldiagonallinesseparatedby about0.38±0.40s which
areassociatedwith thefrequentcouplets.Thecouplinginter-
val is sharplypeakedin therangeof 0.6±0.7s. In contrastto
theprecedingexample,theNIB showsomeinterestingstruc-
ture.For sinusbeatintervalslessthan1.0 s, low NIB values
~2±5! predominate,whereasfor sinusbeat intervalsgreater
than1.15s the NIBs takeonly odd values,mainly 5, 7, and
9. ~For TS. 1.1 s, thesingleectopicbeatsthatarenot partof

a couplet,areall interpolated.As mentionedearlier, the nor-
mal beat immediatelyfollowing an interpolatedone is not
includedin theNIB count.Thus,theNIB patternin Fig. 2~b!
is not changedby the appearanceof the interpolatedbeats.!

Record 3. The sinus beat intervals in the heartprint of
Record3 @Fig. 2~c!# are constrainedin the narrow rangeof
TS5 0.556 0.10s.A prominentfeaturehereis that thehisto-
gramof the V-V intervalsconsistsof equidistantpeakswith
a spacingof ' 1.6 s.Thegrayscaleplot of theV-V intervals
now showsa vertical line structurere¯ecting theobservation
that the V-V intervals are integer multiples of a common
divisor independentof the sinusbeatinterval.This suggests
that at the origin of the abnormalbeatsmight be a periodic
pacemakerwith a periodTV' 1.6 s @17#. In this recordthere
is order in the structureof the NIB that we will discussin
detail later. The coupling intervalstakeall valuesin the in-
terval between' 0.33 s andthe next sinusbeat.

Record 4. Theheartprintof Record4 @Fig. 2~d!#hassimi-
larities to Record3 in that we seedistinct values for the
NIBs. However, the peaksin the V-V interval histogramare
not equidistant.In fact, thediagonalline structureof theV-V
intervalsis a featurewe saw in Records1 and 2. Also, the
couplingintervalhistogramis peakedbut thegrayscaleplot
of the coupling interval as a function of sinusbeat interval
showsthat the ectopicbeatscan occur in the time interval
between' 0.55 s and the next sinusbeat.~No interpolated
beatsarepresentin this record.!

We now brie¯y describethe most apparentdifferences

FIG. 2. Heartprintsfor ; 24 h clinical records~a! Record1, ~b! Record2, ~c! Record3, and ~d! Record4. Seetext for a detailed
explanation.
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amongthe four recordsand their potential relevanceto the
underlyingmechanisms.Theplotsof thecouplingintervalas
a function of the sinus beat intervals show different struc-
turesin the different records.In Record2, the coupling in-
terval is approximatelythe samefor all sinusrateswhereas
theotherrecordsshowmuchmorevariability. Therefractory
time of theheartfollowing a sinusbeatmustbeshorterthan
the shortestcoupling interval. The longestcoupling interval
must be shorterthan the sinuscycle time. Therefore,if all
possiblecoupling intervals occur for any given sinus rate,
therewill be an almosttriangular~or quadrilateral! structure
in the CI gray scaleplots aswasobservedin Records3 and
4, and the lower bound of the coupling interval may give
informationaboutthe refractorytime andits dependenceon
thesinuscycle length.In thecaseof ®xedcouplingintervals
the refractorytime may be estimatedfrom the occurrenceof
interpolatedbeats.The shortestinterval occurringbetweena
V beatanda following interpolatedsinusbeatgivesanupper
limit for the refractorytime of thehearttissue.For Record2
we ®ndu' 0.57±0.6 s.

Sincea ®xedcouplingintervalmeansthattheectopicbeat
occursat a ®xedtime interval after a sinusbeat,®xedcou-
pling intervals havebeentaken to imply either a reentrant
mechanismor a triggeredmechanism.In contrast,if thecou-
pling intervalsvary over a broadrangefor any given sinus
cycle length,thentheectopicmechanismwould appearto be
independentof theprecedingsinuscycle.This couldoccurif
therewere an independentectopicpacemakeror if the ec-
topic beatsweregeneratedrandomlyin time. In Record1 the
coupling intervalsappearto be quite broadand featureless,
suggestinga randommechanism,whereasthe ®xedtime in-
tervalsbetweenthe V-V beatsin Record3 suggestan inde-
pendentpacemakerin 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 the values2,5,8,11, . . .
~as occurs in Record 3!. Although previous workers have
examinedmechanismsthat can give rise to this sort of
rhythms @5±13#, the systematicstudy of arrhythmia over
long periodsof time is only madepossibleby computerized
analysisof extendedrecords.A mechanismthatmight appear
valid overa shortintervalmight beinconsistentwith thedata
in an extendedrecord.

Anotherway to comparethe patternsof ectopyin differ-
entrecordsis to plot thefractionnV /N of ventricularectopic
beatsasa function of the sinusbeatinterval ~Fig. 3!, where
nV is the numberof expressedV beatsand N is the total
numberof normalbeats,expressedandconcealed.The solid
pointsrepresentthe data,whereasthe opensymbolsandthe
superimposedlinesrepresentthebehaviorof modelsthatare
presentedbelow. Once again, there are distinct differences
amongtherecords.Theabovediscussionsuggeststheoretical
modelsthatmight beappropriatefor theanalysisof thecom-
plex ectopy. We presentthree different classesof models
whose basic featuresare intendedto capturefundamental
physiologicmechanismsincludingparasystoleandreentryas
describedin Sec.II.

IV. MODEL 1: RANDOM VENTRICULAR
ECTOPIC BEATS

Perhapsthe simplestassumptionconcerningthe ectopic
beatsis that they occur randomly in time. This model is
useful becauseit servesas a baselinefor comparingheart-
prints, since the only way in which this model generates
patternsis throughthe refractorytimesof the sinusandec-
topic beats.We simulate@22#a recordin which theprobabil-
ity for an ectopicbeatis p05 0.5/s@23#. The distributionof
the V-V intervals of such randomly appearingectopic V
beatsis of the form

p~t !5 p0 exp~2 p0t ! . ~1!

However, sinceaftereachheartbeattheheartis refractoryfor
a time interval u, the appearanceof the ectopicV beatsis
limited to time intervalswhentheheartis not refractory. This
generatesthediagonalline structurein thegrayscaleplot of
theV-V intervals@Model 1 in Fig. 4~a!#. For TS ®xedandfor
smallDt5 TS2 u. 0, thehistogramsof V-V intervalsconsist
of a seriesof sharppeakswith a spacingof approximately
TS . UsingthePoissondistributionwe ®ndthattheintegrated
densityin the peakcenteredat (n1 1)TS is given by

~12 p0Dt ! np0Dt. ~2!

FIG. 3. FractionnV /N of appearingV beats,wherenV is the
number of appearingV beats,and N the sum of appearingand
concealednormal beats,versussinusbeat intervals.~a! Record1
togetherwith the simulationfrom Fig. 7. ~b! Record2; ~c! Record
3, andthe resultof a correspondingsimulationof modulatedpara-
systole~Fig. 11!. The lines are given by Eq. ~7! for two different
periodsof the independentventricularpacemakerTV5 1.67 s and
TV5 1.76 s, andtherefractorytime linearly dependenton thesinus
beatinterval u5 0.29TS1 0.17 s. Note that the curvesfor the data
and simulation with weak coupling deviate from the lines at TS

5 0.55 s. ~d! Record4, and a simulation of strongly modulated
parasystole~Fig. 12!. The line is againgiven by Eq. ~7! with TV

5 1.5 s andu5 0.5 s andu5 0.55 s, respectively.
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The actualdistributionof the V-V intervalsfor ®xedTS lies
betweenthesetwo limiting cases:Eq. ~1! for zerorefractory
time andEq. ~2! for maximal refractorytime.

We chooseu5 0.4 s in all simulationsof the basicmod-
els sincethis is a value typically found in clinical records.
Figure 5~a! showsschematicallya beat sequenceresulting
from sucha model.Theheartprintgeneratedwith this model
is shownin Fig. 4~a!. For a largervalueof therefractorytime
u thediagonalline structurein thegrayscaleplot on theV-V
intervalsis morepronounced,approachingthe discretecase
for u; TS .

In theplotsof couplingintervalsasa functionof thesinus
beatintervals,thedensitydistributionis uniform asexpected
for randomlydistributedV beats.

To ®nd an expressionfor the fraction of V beatsas a
function of the sinusbeat intervalswe start with the prob-
ability to ®nda V beatin a time period TS , which is p0TS
5 0.5TS . Theprobability for theV beatto fall outsideof the
refractory time of a normal beat is given by (TS2 u)/TS .
The fractionof V beatsis thengivenby theproductof these
two terms,

nV

N
5 p0~TS2 u!5 0.5~TS2 0.4! . ~3!

The line given by Eq. ~3! is plotted in Fig. 6~a!. It overesti-
matesthe number of ectopic beatsbecausethe randomly

FIG. 4. The heartprintfor the basicmodels@22#. ~a! Model 1, randomdistribution of ventricularbeats;~b! Model 2, ®xeddelay; ~c!
Model 3A, independentpacemaker;and~d! Model 3B, coupledpacemaker. Seetext for a detailedexplanation.

FIG. 5. Schematicillustration of the sequenceof normal beats
~upperboxes! andectopicbeats~black barswith lower boxes! for
the threebasicelectrophysiologicmodelsfor thegenerationof ven-
tricularectopy. Expressedbeatsareshaded,blockedbeatsareempty
~normalbeats! or haveno box (V beats!. The sinusbeatinterval is
TS5 0.7, the refractorytime ~boxes! is u5 0.4 ~arbitraryunits!. ~a!
Model 1, randomV-beatdistribution~Model 1!; ~b! Model 2, ®xed
delay with a coupling interval CI5 0.5 ~Model 2!; and ~c! Model
3A, independentpacemaker~parasystole! with the periodTV5 1.2.
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timedV beatsmayblock eachotherdueto therefractoriness
of thehearttissue.This reducestheprobabilityp0 andthere-
fore the slopein Fig. 6~a!.

The assumptionof randomoccurrenceof ectopic beats
doesnot fully correspondto thedynamicsobservedin anyof
the records.Although the datain Record1 havesomesimi-
larity to what is expectedwith randomlyoccurringventricu-
lar beats,this recordis betterdiscussedin the contextof the
next model.

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

In Record2, all of the ectopicbeatsoccurat a ®xedcou-
pling interval following the precedingsinusbeat.A simple
modelthat could displaysuchdynamicsis the onebasedon
a reentrantmechanismor a triggeringmechanism.After each
expressednormalbeatwe generatea V beatwith probability
p. If a V beatappears,it occursat a ®xedcouplingintervalCI
after the normalbeatasshownin Fig. 5~b!. In a simulation
@22# of the model,we chooseCI5 0.6 s, and p5 0.36.The
resultingheartprintis shownin Fig. 4~b! ~Model 2!. V beat
activity starts when TS. CI. The ®xed delay leads to a
straight line at CI5 0.6 s in the gray scaleplot of the cou-
pling intervals.Thedistributionof thenumberof intervening
beats~NIB! is independentof the sinusbeatintervalssince
the probability for the appearanceof a V beat does not
changewith TS . Consequently, the probability that the NIB
valueis equalto n1 1 is givenby (12 p)np. In Fig. 5~b! we
seethat, for NIB5 n, theV-V interval is (n1 1)TS , andthis
is re¯ectedin thegrayscaleplot for theV-V intervalsin Fig.

4~b!. The smallestV-V interval is thereforeequal to 2TS
5 1.2 s sinceeveryV beatconcealsthenextnormalbeatand
only the next normal beatcan generateanotherV beat.For
TS larger thanCI1 u' 1.1 s all V beatsareinterpolated,i.e.,
the following normalbeatsarenot concealedandmay gen-
eratea V beaton their own. In this case,the smallestV-V
distanceis equalto TS . This is theonly exceptionwherethe
NIB valuesfollowing an interpolatedV beatdo include the
nonconcealednormalbeatbecauseotherwisewe maygener-
ateNIB5 0, which is not possiblein the mechanism.

To calculatethe fractionof V beatswe mustconsiderthat
only expressednormal beatsgenerateV beats,and subtract
the number of concealednormal beats (5 number of ex-
pressedV beatsnV) from thetotal numberof normalbeatsN.
HencenV5 (N2 nV)p, so

nV

N
5

p

11 p
. ~4!

For p5 0.36, nV /N5 0.2647.In Fig. 6~b!, we plot nV /N and
comparewith the simulatedcurve. For TS larger than CI
1 u5 1.0 s no normal beats are concealed,such that all
beatscontributeto the generationof V beats,andwe ®nd

nV

N
5 p for TS. 1.0 s. ~5!

Comparison with Record 1. The rhythm displayed in
Record1 in Fig. 2~a! hasfeaturesin commonwith Model 1
in Fig. 4~a!, as well aswith Model 2 in Fig. 4~b!. The V-V
intervalsand the coupling intervalsaremore restrictedthan
in Model 1 but less than in Model 2. This is not due to a
large refractorytime u, sincethe gray scaleplot of the cou-
pling intervalsgives0.3±0.4 s as upperlimits for the refrac-
tory time. Therefore,we simulateRecord1 by assuminga
mechanismsimilar to the ®xedcouplinginterval mechanism
of Model 2 in Fig. 4~b! whereeachexpressednormal beat
generateswith probability p a V beat.Insteadof ®xedcou-

FIG. 6. FractionnV /N of manifestV beatsplottedagainstsinus
beatintervalsfor modelsimulations~Fig. 3!. ~a! Model 1 ~random
distributionof V beats!, andEq.~3!. ~b! Model 2 (V beatsrandomly
generatedby a precedingnormal beatwith a ®xedcoupling inter-
val! and Eqs. ~4! and ~5!. ~c! Model 3A ~independentpacemaker
with theperiodTV' 1.5 s) andEq. ~7!. ~d! Model 3B, thesameas
~c! but with thecouplingshownin Fig. 10 betweenthepacemakers.
The couplingchangesthe curvesigni®cantly.

FIG. 7. Simulationfor Record1 @Fig. 2~a!# in which eachnor-
mal beatgeneratesa V beatwith probability p5 0.045,similar to
Fig. 4~b! but the coupling intervalsare drawn from Gaussiandis-
tributednoise.The centerof the Gaussianis linearly dependenton
thesinusbeatintervals:0.291 0.21TS . We usethesinusbeatinter-
vals of Record1 in the simulation.
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pling intervals we use Gaussian-distributedcoupling inter-
valsto incorporatetherandomnessfrom Model 1. Thecenter
of the Gaussiandistributedcoupling intervalsincreaseslin-
early with TS . It is known that the refractory time can in-
creasewith increasingsinusbeat intervals.For the simula-
tion, we alsousetheactualsinusbeatintervalsfrom thedata.
The heartprint in Fig. 7 showsthe result. The featuresof
Record1 canalmostentirelybe reproduced.We do not gen-
eratethe narrowpeakat very small V-V intervalssincethey
result from ventricularcoupletswhich we do not include in
this simulation.

Comparisonwith Record 2. Sincethereis a ®xedcoupling
interval in Record2 @Fig. 2~b!#, this recordis a candidatefor
simulationby a model for reentryor triggeredactivity. The
heartprintof Record2 alsoshowspeaksin the NIBs. These
cannotbe reproducedwith the basicModel 2. We haveat-
temptedto simulatethe datain this recordby developinga
modelfor reentryin which the conductionthroughthe reen-
trant pathwaydependson prior activity. This physiological
propertycanbedescribedwith a refractorytime uLoopÞ u for
the reentrypathway@10,13#. The travel time throughthe re-
entry loop ~which gives the coupling interval CI if a ven-
tricular beatis generated! may dependon the recoverytime
that haselapsedsincethe previoustravel throughthe loop.
Thefunctionalform for this dependencecouldbea decaying
exponential@24#. Themorethetime thathaspassedsincethe
last travel through the loop, the faster the travel will be.
Eventuallyit may be so fast that the excitationwavemeets
refractorytissueafter travelingthroughthe loop suchthatno
V beatis generated.This modelis describedin theAppendix.

In Record2, however, the coupling intervalsare 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.The refractorytime of the loop is chosensuchthat
the NIBs takeonly odd numbersasshownin the simulation
for Record2 in Fig. 8.

In the data,however, mainly NIB5 5,7,9. . . arepresent
for TS. 1 s. The lower sinusbeatinterval part in Fig. 2~b!
can be generatedby setting the refractory time of the loop
largeenoughto reachNIB' 3,4,5, i.e.,uLoop' 5TS , andadd-
ing a lot of noise.

Thus, the generationof both, the low and the high TS
patternspresentin Fig. 2~b!, seemsimpossiblewith the cur-
rentmodelwith ®xedparametersettings.Thedoublelines in
Fig. 2~b! are reproducedin Fig. 8 by randomly allowing
ventricularbeatsto be followed by otherventricularbeats.

VI. MODEL 3A: INDEPENDENT PACEMAKERSÐPURE
PARASYSTOLE

We now assumethat an independentpacemakerwith pe-
riod TV is thesourceof theventricularbeatsasshownin the
cartoonin Fig. 5~c!. This mechanismis calledpure parasys-
tole @6,9# and Fig. 5~c! displaysa schematicplot of a beat
sequence.The heartprintresultingfrom a simulation@22#of
thismodelwith TV5 1.75 sandu5 0.4 s isshownasModel
3A in Fig. 4~c!. The histogramof the V-V intervalsconsists
of equidistantpeakswhich are separatedby the period TV .
The fact that there is more than one peakis due to the re-
fractorytime which concealssomeof theabnormalbeatsand
leadsto V-V intervalsthat are integermultiplesof TV . The
correspondinggray scaleplot showslines that arenot tilted.
We alsoseethatat mostthreedifferentV-V intervalsor NIB
valuesarefound for any given sinusbeatinterval.

A mathematicaldescription@6,9# of sucha model intro-
ducesthe phasef i of the i th V beatin the sinuscycle, i.e.,
thecouplingintervaldividedby TS . Successivevaluesof f i
are determinedby iterating the differenceequation~circle
map!,

f i 1 15 ~f i1 TV /TS! mod1, ~6!

wherea V beat is expressedif f i 1 1. u/TS . This equation
dependson only two parameters,theratio of the two periods
TV /TS , and the ratio of the refractorytime to the sinuspe-
riod u/TS . For an irrational ratio TV /TS ~incommensurate
periods! the V beats will, for suf®ciently long times, be
equallydistributedin thesinuscycle, i.e., thephasesf i will
takeall valuesbetweenu and1 with equalprobability. The
NIB sequencethen has the following properties@6,9#: ~i!
thereareat most threedifferentvaluesfor the NIB; ~ii ! the
sumof the two smallerNIBs is the largestNIB minusone;
and ~iii ! only one of the NIB values is odd. The
u/TS , TV /TS-parameterspace can be completely parti-
tionedinto regionsof thesetripletsasin Fig. 9. If theratio of
the periodsof the two pacemakersis closeto an integern,
thesequenceof NIBs containslong sequencesof n2 1 inter-
rupted occasionallyby two large numbers.For n5 2 this
yields a patterncalledbigeminy(NIB5 1), sinceeverysec-
ond beat can be a V beat; for n5 3 the rhythm is called
trigeminy.

The uniform distributionof the phasesof the V beatsal-
lows us to derivethe fraction of V beatswhich areobserved
at a particularTS . The probability for a V beatto be gener-
ated in a time period TS is given by TS /TV . Of thesea

FIG. 8. Simulation of the reentry mechanism with uLoop

5 1.6 s anda ®xedtravel time t 5 0.6 s plus Gaussiandistributed
noise (s 5 0.03 s), and refractory time u5 0.6 s. The concealed
bigeminy (NIB5 1,3,5,7, . . . ) is reproducedbut in the data NIB
5 1 doesnot appear. Thecoupletswerealsosimulatedby randomly
decidingwith probability 1/2 if a V beatshould follow a V beat.
Again, the sinusbeatintervalsfrom the datawereused.
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fraction of (TS2 u)/TS occursoutsidethe refractoryperiod
and is observed.The ratio of the numberof the observedV
beatsnV to the total numberof normalbeats~observedand
concealed! N is then@25#

nV

N
5

TS

TV

TS2 u
TS

. ~7!

Perturbationof the timing of the V beatsby noisedoesnot
affect this distribution since it doesnot affect the uniform
distributionof thephases.But anycouplingbetweenthetwo
oscillatorswill changethis distributionaswell as the distri-
bution of the coupling intervalsin dependenceon the sinus
beatintervals@25#.

Comparisonwith Record 3. ComparisonbetweenModel
3A in Fig. 4~c! andRecord3 in Fig. 2~c! immediatelysug-
geststhat the origin of the V beatsin Record3 may be an
independent~parasystolic! pacemaker. In the V-V interval
histogramFig. 2~c!, we see,however, that the peakshave
some broadness.A closer look at the correspondinggray
scaleplot revealsa substructurein the vertical lines. This
substructureconsistsof partsof the diagonallines familiar
from Fig. 2~a!. It seemsthat the presentmechanismselects
thosepointsout of underlyingdiagonallines which equala
multiple of theperiodTV plussomenoise.Thenoiseleadsto
the broadnessof the vertical lines.

As mentionedabove,in thecaseof parasystolewe expect
the occurrenceof only three different NIBs, whosevalues
dependon the sinusinterval.But, we clearly ®ndmorethan
three NIB valuesfor eachsinus beat interval. Comparison
with the theoretical values for the NIB in Fig. 9
(, 2.5TV /TS, 3.5,u/TS' 0.6) showsthat the NIB valuesat
the edges(TS, 0.53 s and TS. 0.57 s) are reproduced.In
addition to the triplet we ®nd the NIBs from neighboring
sinusbeatintervals.In the center, however, we ®ndthe NIB
sequence2,5,8,11 insteadof just 2. Thesediscrepanciesfrom
pureparasystolecanbe accountedfor by noiseaffecting the
periodsof the two pacemakers@17#.

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

tweenthe two oscillatorswhich correspondsto the uniform
distributionin thegrayscaleplot of thecouplingintervalsof
Model 3A in Fig. 4~c!. For Record 3, the entire allowed
triangularspaceis ®lledbut thevaryinggrayscaleimplies a
nonuniform distribution of the probability. Some coupling
intervalsare preferredcomparedto others.In addition, we
comparethe fractionof V beatsin thedata@Fig. 3~c!#andin
thesimplemodelfor pureparasystole@Fig 6~c!#. We ®ndthat
closeto the ratio TV /TS5 3 many V beatspredictedby the

FIG. 9. Parameterplots of the NIB triplets in parasystoleasadaptedfrom Ref. @9#. For eachsetof parametersu/TS , TV /TS threeNIB
valuesmakeup theNIB sequence.Theorganizationof thesequencevarieswithin the regionof anygiven triplet. Thedashedlines indicate
increasinglynarrowregionswith tripletsmadeup from TV /TS2 1, andtwo largenumbers.Thedashedarrowson theleft-handsideshowthe
regionrelevantfor Record4, andthe dashedarrow on the right-handsidefor Record3.

FIG. 10. Coupling mechanismbetweentwo pacemakers.The
changeDTV of the period of the V oscillator as a function of the
ratio of the time tVN betweenthe lastV beatanda normalbeat,and
TV . Thecouplingshortensthe intrinsic TV0

to theapparentTV . ~a!
showsthe weakcouplingusedto simulateRecord3 in Fig. 11. ~b!
showsthe strongcouplingusedto simulatethe model in Fig. 4~d!.
~c! showsthe couplingusedto simulateRecord4 in Fig. 12.
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model are `̀ missing'' in the data.The reasonfor thesedis-
crepanciesmaybethecouplingbetweenthesinuspacemaker
and the ectopicpacemaker@26#. We will thereforecontinue
to discussthis recordin the following sectionasanexample
of weakly coupledparasystole.

VII. MODEL 3B: COUPLED PACEMAKERÐMODULA TED
PARASYSTOLE

An extensionof the third model assumesthat the sinus
rhythmresetsor modulates@27#theectopicpacemakerin the
ventricles@5,8,28#. This interactioncan be formulatedas a
phaseresettingcurve ~Fig. 10!, which gives the changeof
theperiodof theextrapacemakerasa functionof the timing
of an interveningsinusbeat.A sinusbeatappearingin the
®rstpart of the ventricularcycle eitherhasno effect or pro-
longsit. In contrast,a sinusbeatappearingin thesecondpart
of theventricularcycleshortensthecycle@5,8,27#. This sec-
ond part may extendover mostof the range.

A systemof coupledpacemakerscan be describedby a
differenceequation@29#. In its mostgeneralform therewill
alsobe stochastic̄ uctuationson the timings of the V beats,

f i 1 15 Sf i1
TV

TS
1

f~f i ,TS ,TV!

TS
1

h
TS

Dmod 1, ~8!

whereh is a Gaussianrandomvariabledistributedaround0,
and f (f i ,TS ,TV) gives the iteratively addedchangeof TV
dueto the couplingof the normalbeatsto the V beats@5,8#.

Comparisonwith Record 3. In Record3 in Fig. 2~c! the
basicfeaturesof parasystolearepreserved.In a recentstudy
@17#, we usedthe coupling shownin Fig. 10~a! to simulate
this heartprintusing the sinusbeatsof the actualdata.The
result is shown in Fig. 11. Since the coupling shortensTV
only by 7.6%, the basicstructureof parasystoleis present:
equidistantV-V intervals,the NIB triplets, anduniform dis-

tribution of the coupling intervals.The coupling leads,for
TV /TS' 3, to a ®xedpoint in Eq. ~8!, suchthat the V beats
always fall in the refractoryperiod of the normal beatand
thusarealwaysblocked@30#. In combinationwith the noise
thatmovestheV beatsrandomlyin andout of the refractory
time, theblockingmechanismgivesriseto a discretePoisson
processleading to an approximatelyexponentialfalloff of
thepeakheightsof theNIB values2,5,8, . . . @9,31#. Finally,
the model gives an accurateestimateof the fraction of V
beatsasa function of TS shownin Fig. 3~b!.

For other interactionsall resemblanceto parasystolemay
be lost. In Fig. 4~d! we presenttheheartprintof a simulation
of two stronglycoupledpacemakersusing the samesystem
asfor the two uncoupledpacemakersin Fig. 4~c!. Thephase
responsecurve of the coupling is shown in Fig. 10~b!, it
shortensthe time remaininguntil the next V beatby up to
60%.The peaksin the V-V interval histogramarenot equi-
distant,and the V-V intervalsshow the diagonalline struc-
ture we haveseenbefore.Somestructureis still presentin
thegrayscaleplot of theNIB but doesnot correspondto the
triplets.The uniform distributionof the couplingintervalsis
replacedby a stronglypeakedonewhich is moresimilar to
the®xeddelaysimulationthanto theuncoupledpacemakers.
In this caseit is dif®cult to recognizeparasystoleat all and
will be evenmoredif®cult in the presenceof noiseon both
mechanisms.In general,for a strongcoupling,thedistinction
betweencoupled parasystoleand a mechanismwith ®xed
delayis very dif®cult,sincethecouplingleadsto phaselock-
ing which is effectively a ®xeddelay.

Comparisonwith Record 4. The heartprintof Record4 is
shown in Fig. 2~d!. Since the coupling intervals cover a
broadrange,a parasystolicmechanismseemspossible.How-
ever, in contrastto Record3, in which the V-V intervalsare
multiplesof a commondivisor, theV-V intervalsof Record4
are more widely dispersed.Therefore, if the underlying
mechanismis parasystole,resettingmust play an important
role.This is alsoevidentwhencomparingtheNIB tripletsof
the datato thosefor uncoupledparasystolein Fig. 9, where
the leftmostdashedarrow indicatesthe rangeof this record.

FIG. 11. Simulationof weaklycoupledpacemakersbasedon the
sinusbeatsof Record3 andthecouplingshownin Fig. 10~a!. Some
noise(s 5 0.07 s) is addedto the timings of the ventricularpace-
maker and the sinus beat intervals of Record 3 are used in the
simulation. Comparisonwith Fig. 2~c! showsthat the simulation
reproducesmostof the patternsof Record3. The couplingreduces
thenumberof ventricularbeatsthataregenerated.Thenarrowpeak
in the coupling interval is not reproduced.

FIG. 12. Simulationof a modelwith stronglycoupledpacemak-
erswith the sinusbeatintervalsof Record4. Gaussiandistributed
noisewith astandarddeviations 5 0.1 swasaddedto theperiodof
the V beats(TV5 1.50 s). The refractory time is u5 0.55 s. The
coupling is shownin Fig. 10~c!.

COMPLEX PATTERNSOF ABNORMAL HEARTBEATS PHYSICAL REVIEW E 66, 031901 ~2002!

031901-9



We estimateTV' 1.5 s, and u' 0.55 s from the shortest
V-V andCI interval,respectively. We carriedout simulations
usingvariousresettingfunctions.We wereableto ®ndagree-
ment with someaspectsof the data. Figure 12 showsthe
resultsusingtheresettingcurveFig. 10~c!. In thesimulation,
there is a broad region of concealed bigeminy, NIB
5 1,3,5,7, . . . for TS5 TV/2' 0.8 s. In contrast,in Record4
thereis, for TS' 0.8 s, a strongpresenceof NIB5 1, and3
only. Although thereare qualitativesimilarities in the gray
scaleplots of the V-V andCI intervals,thereis only partial
agreementwith theNIB grayscaleplot. We think theunder-
lying mechanismis not clearÐand may not be parasystolic.

VIII. DISCUSSION

Reducedto the most basic terms,cardiacrhythms arise
from a small number of fundamentalprocessesinvolving
pacemakersandwavesof activation~depolarization! andre-
covery~repolarization!. Thewavescanpropagateor theycan
be blocked. If the waves propagate,characteristicsof the
propagationsuchas the durationof the actionpotentialand
the velocity of the propagationusuallydependon the physi-
ologicalstateof thesystem.All this activity takesplacein an
anatomicallycomplexstructure.

Given thesestraightforwardtheoreticalconceptsand the
importanceof cardiacarrhythmiafor humanhealth,it is per-
hapssurprisingthatour understandingof cardiacarrhythmias
is not moreadvanced.Certainly, someof thestriking patterns
thatwe havedescribedareapparenton eventhemostsuper-
®cial examinationof the electrocardiogram,and havebeen
thesubjectof clinical description,classi®cation,andtheoret-
ical modelingfor almosta hundredyears.A problemis that
different theoreticalmodelscan accountfor the sameelec-
trocardiographicpattern.For example,a bigeminalrhythmin
which sinus beatsand ectopic beatsalternatecan be ac-
countedfor by reentry@32#, modulatedparasystole@5,6,8#, or
by triggeredautomaticity@2#. Consequently, showingagree-
ment between a short stretch of an electrocardiographic
recordanda given modeldoesnot constitutea sharptestof
a theoreticalmechanism.Computeranalysescarriedout over

longer time intervalsare essentialfor a critical test of any
hypothesizedmechanism.

Only a few previousstudieshaveconsideredin detail the
dynamicalfeaturesof complexarrhythmiaasprovidedby 24
h electrocardiographicHolter taperecordings@11,13,14,26#.
The importantfeatureof the currentwork is the comparison
of the simulateddynamics~usinga hypothesizedtheoretical
mechanism! with the observeddynamicsover long times.In
developingthe theoreticalmodels,we focus on observable
featuresof the dynamicsto give insight into the underlying
mechanisms.Ectopic beatsare only observedduring time
intervalsduring which the heart is excitable.Consequently,
thegrayscale~heartprint! plotsof thecouplingintervalsasa
functionof thesinusrate,givesinformationabouttherefrac-
tory period of the heart. If the coupling interval varies
widely, this is an indication of a lack of tight coupling be-
tween the sinusbeatand the ectopicbeatas was found in
Figs. 2~c! and 2~d!. In contrast,if the coupling interval is
con®nedto 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~a!, 2~b!,
and 2~d!. An exceptionoccurswhen the ectopic beatsare
associatedwith an independentparasystolicpacemaker, Fig.
2~c!, leadingto vertical lines in the gray scaleplots of the
V-V intervals as a function of the sinus cycle length and
sharppeaksseparatedby multiples of a commondivisor in
the histogramof the V-V intervals.Striking regularitiesin
thedistributionof thenumberof sinusbeatsinterveningtwo
ectopic beatsare evident in Figs. 2~b!, 2~c!, and 2~d!, but
only for Fig. 2~c! was it possibleto developa convincing
theoreticalinterpretation.

We believethat our dif®cultiesin replicatingthe dynam-
ics of someof the records,especiallyRecord2, Fig. 2~b!,
re¯ect fundamentalde®cienciesin our understandingof ba-
sic underlyingmechanisms.We believethat in orderto help
determinethe underlyingmechanismin this and other sub-
jects, it might be useful to combinethe analysisof the long
term electrocardiographictapes with direct investigations
that are possible in subjectswho are undergoing clinical
electrophysiologicalstudiesthat enablestimulation and re-
cordingdirectly from the patient's heart.

The currentwork demonstratesthat complexarrhythmia
in humanheartsrecordedover long timesdisplaysa number
of dynamic features.Appreciationof thesefeaturesis pos-
sible using computeraided analysisof data recordedover
long times. Better understandingof the underlying mecha-
nismsof theserhythmsshouldfacilitate the developmentof
theoreticalmodels.However, at the presenttime, it is clear
that one model doesnot ®t allÐeach of the caseswe have
studiedhasuniquedistinguishingfeatures.Developinga bet-
ter classi®cationof the mechanismsunderlyingthe complex
rhythmsshouldbe possible,but suchefforts will necessarily
involve extensivedata analysis,physiological insight, and
simulationof nonlinearequations.

FIG. 13. Schematicplot of a reentrymodelincludinga variable
refractorytime for the reentrypathway.
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APPENDIX: MODEL FOR REENTRY

Figure13 showsa schematicplot for thebeatsequencein
a modelfor reentry. Theboxesrepresentthesinusbeatswith
their refractory time ~empty boxes indicate blocked sinus
beats!, the black barsare the V beats~empty bars indicate
lockedV beats!. HereeveryV beatblocks the following si-
nusbeatevenif it is an interpolatedbeat.Fluctuationsin the
otherwiseconstantsinusbeat intervalsare indicatedby the
dashedarrow above.Without ¯uctuations this modelgener-
atesstablebeatsequences.A sinusbeatcan start an excita-
tion traveling throughthe reentryloop, indicatedby the di-
agonalline. The travel time t throughthereentryloop is the
horizontalprojectionof this diagonalline. If it endsafter the
refractorytime of thesinusbeat,a V beatis generated~black
bar!. Thetravel time dependson therecoverytime ~numbers
given in units of TS), the time elapsedsincethe last excita-
tion enteredthe loop. The travel time is shorterif the recov-
ery was longer. After an excitationtravelsthroughthe loop,

no matterif it resultsin a V beator not, thereentryloop will
be refractoryfor a time uLoop 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 t (2TS) is much longer than the
refractorytime u, suchthatall propagationsthroughtheloop
resultin a V beat.The travel time is longerif a shortersinus
beat interval prolongsthe recoverytime ~dashedarrow!. In
thepresentcasethe travel time is still longerthantherefrac-
tory time and the beatsequenceis unchanged.The middle
panelof Fig. 13 indicatesthat the travel time t is almostthe
sameastherefractorytime u, i.e., for a recoverytime of 2TS
with the presentsinus beat interval TS the travel time is
shorterthanthe refractorytime. Only if a shortersinusbeat
interval occurs,the travel time becomeslong enoughto re-
sult in a V beat.Thus,if the travel time is of the durationof
the refractory time, ¯uctuations of the sinus beat intervals
changethe beat sequencesigni®cantly. The resulting NIB
sequencehere consistsof the values 1,3,5, . . . , a pattern
calledconcealedbigeminy. The lower panelof Fig. 13 indi-
catesthat in the upperandmiddle panelthe refractorytime
of the reentryloop is too short to play any role. In this case
the very long refractorytime of the reentryloop dominates
the beatsequence.The excitationof only everyfourth sinus
beatcan enter the reentry loop. In the presenceof ¯uctua-
tions,alsothe third sinusbeatmay alsogeneratea V beat.
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