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Abstract

The detectionof T wave alternans (TWA) in surface
ECGsignalshasbeenrecanizedasa marker of electrical
instability, and is hypothesizedo be relatedwith patients
at increasedisk for ventricular arrhytmias. In this paper
we presenta evaluation study of a methodfor detecting
STT comple alternansbasedon the Complex Demodula-
tion approach (CD), andthe applicationof the detectorto
the EuropeanSTFT Database To studythe performanceof
this detectora simulatedECG signalwasobtainedadding
contolled alternansto a databaseof young healthysub-
jectsECGs. In this way, the ECG signal containednoise
andnon-alternansSFT variability comingfromreal recor
dings. Thedetectorappliedto theEuropeanSTFT Database
(where ischemic ST and T episodeswere manually an-
notatedby physicians)detectedl48 TWA episodesfrom
which 82 (55.4 %) overlappedwith ischemic episodes,
while in 12.0%o0f the annotatedschemicepisodesa TWA
wasdetected.A significantcorrelation betweerST eleva-
tion andthe existenceand magnitudeof TWA wasfound.

1 I ntroduction

Suddercardiacdeath(SCD)is the leadingcauseof car
diovasculamortality in the developedcountrieq1]. There
is not an effective diagnosticmethodto identify patients
at highrisk for SCD. All thethe non-invasive testsrelated
to high-risk SCD (ventriculararrythmiasin 24-hourHolter
monitoring, ventricularlate potentials,low heartrate va-
riability, dispersionof repolarization...)lack the sufficient
positive predictiity to make adecisionaboutspecifictreat-
ment,especiallydefibrillatorimplantation. Nowadays the
challengds to developnew selectve non-invasvemethods
whichwill allow theidentificationof high-risk patientsbe-
fore they experiencemajorarrythmicevents.

Electrical T-wave alternang TWA) is definedasa con-
sistentfluctuationin the repolarizationrmorphologywhich
repeatson every-otherbeatbasis. TWA have beendocu-
mentedin a wide rangeof experimentalandclinical situa-
tions,suchaslong QT syndromemyocardialischemiaand
infarction, coronaryartery occlusion, Printzmetalangina
andseveralotherpathologicconditions.

Althoughvisible TWA is aninfrequentphenomenorin
recentyears,computerizedanalysisof digital ECG recor
dings allowed the identificationof subtleand non-visible
(microvolt) TWA, muchmorecommonthanvisible TWA.

Several methodsfor TWA detectionhave been pro-
posedAll of themarebasednthewell-known problemof
spectralestimation.The spectraimethod[2] usedthe FFT
to analyzethe frequengy componen®.5 cycles/beatover
thealignedST-T compleces. This methodassumestatio-
narity of TWA episodesandyields an averagemeasureof
T-wave alternansover the analysiswindow. The TWA is
considereds“present”or “not present”.

In thecomplex demodulatiorapproaciCD) [3] TWA is
modeledasasinewave at0.5cycles/beatwith varyingam-
plitudeandphase.ThealignedST-T complexesaredemo-
dulatedandlow-passfiltered to obtaina continuousbeat-
to-beatalternangneasurement.

More recentlyseveralglobalmethodshave beenapplied
thatconsidettherepolarizatiorasawhole,insteadf using
a independenanalysisfor eachsampleof the ST-T com-
plex, basedon Karhunen-Loée transform[4] andon the
correlationwith amedianbeat[5].

In apreviouswork [6] we comparedhe performancef
all thesemethodswith signalscomposeaf arepeatedeat
plus noiseand simulatedTWA episodes.We studiedthe
sensibility positive predictvity and accurag of the esti-
matedamplitude andconcludedhatfiltering methoddik e
Complex Demodulatiorand Caponhigh-pasdiltering ob-
tainedthebestresults.As CD methodwascomputationally
lesscomple, we selectedt for the presenivork.

Theaim of this paperis twofold: to analyzethe perfor
manceof a TWA detectoron actualECG recordings,and
to studythe relationshipbetweenischemiaand TWA, ap-
plying thedetectorto the EuropearST-T Database.

2 Materials and methods
2.1 TWA detection method

The proposedmethodis basedon the CD approach
[3]. Themethodhasthreedifferentblocks: preprocessing,
spectrakestimationandthresholding.



First of all, QRS detectionis needed."“Aristotle” soft-
ware[7] wasusedfor this purpose.Then,baselinevander
wasestimatecandsuppressetly meansof cubicsplinein-
terpolation.Frequeng componentgabove thoseassociated
with therepolarizationwereattenuatedisinga 20th-order
equiripplelinear phaseFIR low-passfilter with transition
bandbetweenl5and30 Hz.

Finally, the ST-T complexeswere sggmentedby selec-
ting intervalsof 300ms,beginningatavariabledistancey,
from the QRSfiducial point dependendn the RR interval.
For thek-th beat

by = 40 + 1.3 RR}/? (allin ms). 1)

FromthealignedST-T complexesa matrix z canbede-
rived, wherethe elementz[k, [] is the I-th sampleof the
ST-T complex of the k-th beat. Therows of z arethecom-
plexesandthe columnsof z aretime serieswherebeat-to-
beatchangesn repolarizatiorcanbe found.

Oncethe matrix z is built, the aim of the detectoris to
quantifythe power spectrunof the signalat the frequeny
of alternationf, = 0.5 cycles/beat.Eachcolumnof z is
demodulatedso that the frequeny componentsaround f,
aremovedto low frequencies:

y[k,l]:x[k,l]Q .727Tf0k) (2)

andthenthe columnsof the new matrix y arelow-passfil-
teredto getonly the alternationcomponents

S slmall-hupll =] 3

whereh?[k] is the impulseresponsef the low-passfil-

ter. Therows of the matrix z arethe alternansvaveforms
detectedby the CD method. To quantify them, two time
serieswerecreated

-exp (

2k, 1) = ylk, 1] % b, o [K] =

Vai*[k] = (4)
Vi “[k] = (5)

which arerespectrely, the RMS andthe maximumvalue
of the TWA amplitudealongthe k-th ST-T complex. In
our implementationwe have madeuseof a high-pasdil-
ter with impulseresponse,, . [k] = h,.[k] - exp (j7k),
becauseasit canbeeasilyshown, if f, = 0.5 cycles/beat,
|z[k, ]| = |z[k,l] * b, [k]|- Thefilter we usedwasa1lth-
orderKaiserwindow FIR filter (8 = 0.5) with half-power
cutoff frequeny equalto 1/40cycles/beat.

As the columnsof the matrix z are linearly filtered,
specialcaremustbe taken to identify and suppresseats
with differentmorphologyand very noisy beats,because
their enegy would be spreadby the filtering causingdis-
tortion in TWA amplitudeseriesand possiblygenerating

falsepositive episodes.To avoid this, 4 kinds of beatsare
marked andreplacedby a linearinterpolationbetweernthe
previous and later non-marled beats: (a) beatsnot anno-
tatedas normal by the QRS detectionsoftware, (b) beats
with RR changes(c) beatswith a substantiathangen the
baselineand(d) beatswith low estimatedSNR.

The outputsof the CD methodarebeat-to-beaseriesof
voltages. To definethe onsetandoffset of TWA episodes
a final stagebasedon an adaptve amplitude threshold
combinedwith a time durationthresholdwas appliedto

r7¢[k]. The amplitudethresholdaccountsfor slow drift
changesn TWA amplitudeestimationby applyingan ex-
ponentialaveragerthat definesthe baselinefor the TWA
amplitudeseries.Thebaselinds estimatedcadaptiely only
from thosebeatsconsideredisnon-alternandy the detec-
tion algorithm.

2.2  Simulation study

In actualECGrecordingsthe exactvalueandtiming of
the TWA episodesare unknonvn. Thus,we proposea si-
mulationstudyto evaluatethe TWA detectomperformance.
In [6] the simulatedalternan€ECG signalwassynthesized
asa repetitive beatto which differentkinds of noiseand
alternanepisodesvereadded.

In orderto take into accountthe ST-T complex non-
alternansvariationsnormally obsenedin real recordings,
we made use of ECG recordingsfrom young, healthy
subjects(which were assumedot to presentsignificative
TWA), to which alternansepisodesvereadded.

Twenty-threerecordingsfrom the Politecnicodi Mi-
lano’s databasg8] were usedin the simulation(sampled
at500Hz, 5 pV/ADU). Eachof themis about30 minutes
long and containsthreeorthogonalleads(X, Y andZ). In
every recording,20 alternanepisodewereaddedto each
lead. The episodeshada triangularshapedavolution and
a durationof 31 beats,while the TWA waveform added
to eachST-T complex wasa Hanningwindow, asshavn
in Figure 1. Finally, the TWA detectorwas applied,and
the detectedepisodeswere comparedwith the simulated
ones.The simulationwasrepeatedor differentRMS am-
plitudesat the peakof the TWA episodestangingfrom 25
to 300 V.
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Figurel: SimulatedTWA episodesaindwaveforms.



To quantify the detectorperformancemeasurements,
simulatedand detectedTWA episodesare compared,in
termsof sensitvity .S, definedasthe numberof correctly
detectecepisodedlivided by thetotal numberof simulated
episodesand the positive predictvity P+, calculatedas
the numberof detectedepisodeshat matchedsimulated
episodeslividedby thetotal numberof detectionsTo con-
sider matchingbetweentwo episodegsimulatedand de-
tected)it is requiredthat oneepisodecontainsat leasthalf
of thedurationof the other

2.3 TheEuropean ST-T Database

The EuropeanSTFT database[9] consistsof 90 ECG
recordings eachof two hoursof duration,extractedfrom
Holter tapes(2-lead ECGs) that contain ST-T comple
episodesannotatedn an individual lead basisby cardio-
logists. This databasavaschosenby two reasonsfirstly,
previousstudiefoundT-wave alternan®pisode$4], some
of themrelatedto annotatedschemicepisodes Secondly
thisdatabasés well-known andavailableby mary research
groups. The aim of the studywasto know bettertherela-
tionshipbetweenTWA andischemia.

3 Results
31

In Table 1 we presentthe Sensibility (S) and Positive
Predictvity (P+) of the detectorappliedto all the simu-
lated ECG fragments(1380 episodes). Different ampli-
tudethresholdvalueswereconsideredshaving that15 pV
above the baselineestimatedamplitudewas a reasonable
option for this case. As for the temporalthreshold,a mi-
nimumdurationof 15 beatswasdemandedor an episode
to beconsideredio avoid spreadspuriousbeatsbeingcon-
sideredasalternanspisodesAs the signalof leadY pre-
sentedgeneralizedepisodeof motion artifactsin mostof
the recordingsof the databasewe show alsoin the table
theSandP+ overleadsX andZ (excludingleadY).

Simulation results

Tablel: Sand P+ valuesfor different TWA amplitudes.

All leads LeadsX, Z
TWA amp. || S (%) | P+ (%) || S (%) | P+ (%)
25uV 61.3 88.8 82.2 98.1
50 uV 84.9 91.7 99.0 98.3
100V 93.3 92.5 99.7 97.8
150 uVv 95.9 92.4 99.7 97.8
200V 97.3 92.2 99.7 97.8
300V 97.8 92.8 99.8 97.7

Resultsin Table 1 indicatethat with the CD approach,
T wave alternangbore 50 4V canbemostlydetectedn all

Holterleads(X,Y,Z), andacceptableesultsareobtainedat
cleanereadsfor TWA amplitude> 25 uV'.

3.2

Applying the TWA detectorto theentireST-T database,
the relationshipbetweenTWA andischemicepisodesan
beanalyzedlIf we define:

Resultson the European ST-T Database

e |: Total numberof ischemicepisodesat the database
(T andST episodesirecombinedwith alogical OR).

e A: Total numberof TWA episodesatthedatabase.

e A;: Numberof TWA episodegverlappingischemic
episodes.

e I4: Numberof ischemicepisodesoverlappingTWA
episodes.

Notethat A; is not necessarilyequalto I 4, becausef the
possibilitythatthereis notaone-to-oneorrespondendge-
tweenTWA andischemicepisodege.g.two TWA episodes
canbe detectedwithin anischemicepisode). Resultsare
shavn in Table2 for episodesaswell asfor the numberof
beatshelongingto eachof thesecateyories.

Table 2: RelationshipbetweendetectedTWA and anno-
tatedischemiain SFT Database

| A AI/A IA/I
Episodes| 392 148 | 55.4% | 12.0%
Beats | 218814| 7317 | 59.5% | 2.0%

We foundthat55.4%of the 148detectedl WA episodes
wereassociatedvith ischemiawhereasa TWA wasfound
within a 12 % of theischemicepisodesin the sametable,
the numberof beatsbelongingto thesecategoriesarealso
given. As it canbe seenabore 50% of the TWA episodes
or beatswerefoundduringischemicevents.Moreover, the
factthat overlappingbeatsareonly 2% of ischemicbeats,
while 12% of the ischemicepisodesdo overlap,indicates
thatTWA episodesreshorterthanischemicones.

We classifiedthe detectedTWA in two groups: those
associatedand not associatedo an annotatedischemia
in the samelead (A; and A7). Along eachepisode,we
calculatedthe RMS value of the TWA amplitude series

v k], The value of this parameteiin the first group
was91.14+8.9V (meant S.E.M), while for alternansot
associateavith ischemiathe RMS of V7.** [k] wassigni-
ficantly lower: 71.3£3.4 uV (p = 0.04). Similarly, the ma-
ximum ST deviation of ischemicepisodesassociatedavith
TWA was355.1+32.31V, andthatof thosenotassociated
with TWA was 199.3:9.3 uV (p = 2-107%). Therefore,
ischemiceventswith TWA shaved significantlylarger ST
deviations.



In Figure 2, maximum TWA amplitudesare plotted
againstthe maximum ST deviation for all overlapping
episodeg/4). A linearregressioranalysisyieldeda corre-
lation coeficientr = 0.91, shaving atendeng for higher
alternango be associatedo moresevereischemia.
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Figure2: Scatterplotof TWA maximumamplitudesvs ma-
ximumSTdeviationin ischemicepisodesverlappingTWA.

Finally an exampleis givenin Figure 3 wherewe can
obsene that 6 out of 7 ischemicepisodeshave a TWA
episoddnsidethem.In thisrecord,all TWA episode®ver-
lap with longer ischemicevents. This behaiour agrees
with resultsin Table 2. Moreover, most of the TWA
episode®ccuratthe maximumST deviation.
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Figure 3: Top: Exampleof V;**(k] seriesfor recod
e0105,showingthe annotatedschemicepisodesdetected
TWA, andtheadaptivethreshold.Bottom:meanSTFT com-
plexesand TWA (left) and TWA waveformevolution (right)
of the episodemarkedwith a dottedboxin thetop pannel.

4 Conclusions

A TWA detectorbasedon Complex Demodulationap-
proachhave beentestedwith Holter ECG signalscontai-
ning simulatedalternans.The resultsof the simulationin-
dicatedthatthedetectors performances suitablein ambu-
latory recordingsor TWA amplitudedargerthan50 pV.

The detector was applied to the European STT
Database,shaving that half the TWA appearedduring
longerischemicevents. The resultssuggesthat the pre-
senceand amplitudeof TWA during ischemiaare clearly
relatedwith the severity of theischemia.
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