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Abstract

Theprecisionof QT interval measuresdependson the
correct locationof QRSandT boundariesandalsoon the
analysinglead. Theusualautomaticstrategy to dealwith
multiple leadsis to apply post-processingdecisionrules
for selectingone of the single-lead(SL) measures. We
proposeda multileadVCGstrategy that locatestheonset
and the end of the QT interval, attendingto an optimal
transformedlead according to the spatial characteristics
of theVCG.Theperformancewasevaluatedover theCSE
databaseconsideringdifferent VCG systems:corrected
Frank system(lead set F), pseudo-orthogonal leadsV5,
aVFandV2(M) andtheX,YandZ leadsderivedbyDower
transformation(D). MultileaddelineationoverF achieved
a betterresultsthananysingleleadby itself or anyother
lead set, with an error dispersion similar to SL over 12
leadsplus decisionrules. Themultileadapproach is val-
idatedin the PTB database, in the Physionet/CinCChal-
lenge 2006,with �nal scores of 27.04,27.81and 28.96,
overF, M andD, respectively.

1. Intr oduction

The precisionof QT interval measuresdependson the
correct location of both QRS onset and T wave end.
Specially problematic is the delineationof �at bound-
aries as it is usually the caseof T wave end. Further-
more,therearenot universallyacceptedclearrulesto lo-
catewaves' boundaries,what dif�cults the systematiza-
tion of delineation. Automatic methodologiesallow to
avoid intra/inter-observer variability andtherefore,devel-
opingaccurateandrobustmethodsfor ECGautomaticde-
lineationis a topicof maininterest.

Mostautomaticdelineationsystemsdescribedin thelit-
eraturearebasedonasingleECGlead.Theavailability of
multiple simultaneousECG leadsmeansthat moreinfor-
mationis accessibleto the automaticsystems,which can
beusedto increasetherobustnessof delineation.Thedif-

ferentspatialorientationof eachleadmaycausedifferent
latencieson theelectricalphenomena,makingtheQT de-
pendenton theanalysinglead. Thusconsideringdifferent
view points over the sameelectricalphenomena,that is
differentleads,canbecrucialto determinetheQT value.

When multiple leadsare available, someauthorspro-
posedasmultileadstrategy theuseof post-processingde-
cisionrulesto selectoneof thesingle-leadmeasurements
[1]. Thoserules consistin orderingthe SL annotations
andselectingas the onset(end)of a wave the �rst (last)
annotationwhosek nearestneighborslay within a� msin-
terval. If no SL annotationsatis�es the criteria, no mark
is provided. Thus, rules can work quite well for choos-
ing amonga largesetof SL annotations(for instanceon a
recordacquiredusingthestandard12 leadsystem)but are
notadequateto dealwith just2 or 3 leads.

We proposeda multileadVCG strategy that locatesthe
onsetand end of the QT interval, attendingto an opti-
mal transformedlead accordingto the spatialcharacter-
isticsof VCG representation.A versionregardingonly T
end locationhasbeenpreviously presented[2]. The de-
lineationsystemconstructsa transformedspatialleadob-
tainedfrom 3 orthogonalleadswhich is optimizedfor de-
lineationimprovement. The singleleaddelineationstrat-
egy basedon theWaveletTransform(WT) [3] is thenap-
plied. The performanceis evaluatedon the CSEandthe
PTB databasesconsideringdifferent VCG lead systems:
thecorrectedFranksystem(leadsetF),pseudo-orthogonal
leadsV5, aVF andV2 (M) andthe X, Y andZ leadsde-
rived from the 12-leadusing Dower transformation(D).
Resultswerecomparedwith thestrategy of [3] over each
of the12leadsplusdecisionrules(SLR)to obtainthe�nal
marks[1]. Themultileaddelineationstrategy wasfurther
comparedwith othermethodologiesbyparticipatingonthe
Physionet/CinCChallenge2006[4].

2. Methods

The multileadVCG delineationsystemproposedis an
extensionof theWT basedsingleleadsystem[3] thathas



alsoparticipatedin theChallenge[5]. TheWT providesa
descriptionof the signalin the time-scaledomain,allow-
ing therepresentationof thetemporalfeaturesat different
resolutions,accordingto their frequency content. Thus,
regardingthepurposeof locatingdifferentwaveswith typ-
ical frequency characteristics,theWT is asuitabletool for
ECGautomaticdelineation.

The theoreticalbasisfor using a 3-leadsystemis the
dipole hypothesis,stating that the electrical activity of
the heartcan be approximatedby a time-variant electri-
caldipole(theelectricalhearvector- EHV). Accordingto
this hypothesis,any hypotheticalleadcanbe synthesized
by anadequateprojectionof theEHV. UsingtheWT of the
orthogonalleadsat a scalea = 2m jm 2 N it is de�ned the
loop L m (k) =[ W X

2m (k); W Y
2m (k); W Z

2m (k)]T . As a con-
sequenceof the prototypewavelet used[3], the WT 3D
loop L m (k); k 2 I , is proportionalto thesmoothedECG
derivative anddescribestheEHV evolution in a time win-
dow I . Moreover, U , thedirectorof thebestline �t to the
pointsin L m (k), is themaindirectionof EHV in I . A de-
rivedwaveletsignalD (k), correspondingto theECGlead
E(k) alongtheaxis de�ned by U , canbeconstructedby
projectingthelooppointsoverthedirectionof U . Thepro-
jectedWT signalon theoptimal leaddirection,chosenas
theonecloselyparallelto theEHV on thewave's bound-
aryneighborhood,is well suitedfor its delineationsinceit
will presentthehigherprojectedderivative magnitude.

Thestrategy proposedfor multileaddelineationconsists
in a multi-step iterative searchfor a better spatial lead
for delineationimprovement,usingWT VCG loops. It is
adaptedand appliedseparatelyfor eachboundary, as il-
lustratedin Figures(1) and(2) for QRSonsetandT end,
respectively. A new derivedleadDgn (k) is constructedin
eachstepg for eachbeatn, usinga directionUg n deter-
minedin anadequatetime interval I gn andWT scale,ac-
cordingto thespeci�c boundarycharacteristics.Thewin-
dow I gn is updatedateachstep,accordingto theobtained
limits, to increaseSNR and insurethe steepestslopesin
Dgn (k). Thus,Dgn (k) is well suitedfor QT boundaries
detectionand its delineationis thenperformedusing the
thresholdbasedcriteriaof thesingleleaddelineator[3].

3. Performanceevaluation

The multilead delineationsystemwas evaluatedcon-
sideringthreedifferentVCG leadsystems:the corrected
Frank system(lead set F), pseudo-orthogonalleadsV5,
aVF andV2 (M) andthe X, Y andZ leadsderived from
the 12-leadusing Dower transformation(D). The leads
for lead set M were chosenby their resemblancewith
the Frank leads. Nevertheless,this subsetdoesnot take
into accountthe humantorso's geometry. To includethe
neededcorrectionsoneshouldconsidertheleadsetD.

TheCSEdatabase[6] includes�les of 10secwith ato-
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(a)WTVCG loopsusedfor multileadQRSonsetlocation:U1 n (dashed
line) is thebestline �t to theloop in I 1n (dots)andU2 n (solid line) is
thebestline �t to theloop in I 2n (circles).
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(b)ECGin orthogonalleads(X (k), Y (k), Z (k)), thecorrespondentWT
signals(W X

22 (k), W Y
22 (k), W Z

22 (k)) andthenew derivedsignalsD 1n (k)
andD gn (k) following thedirectionsof vectorsU 1n andU gn . Vertical
dashedline standsfor the QRSonsetmark found in the respective lead;
solid line standsfor manualbasedQRSonsetmark.

Figure1. Multilead delineationof theQRSonset:Step1
(initial) andStepg=2(�nal step)

tal of 15 leads(12standardand3 orthogonalFrankleads),
at 500 Hz samplingrate. It providesmedianrefereean-
notations(after outlier rejection)from 5 cardiologistsfor
a limited numberof 42 beats.Taking the error (" ) asthe
automaticallydetectedboundaryminustherespective ref-
ereemark, its mean(m" ) andstandarddeviation(s" ) were
evaluatedacross�les. Extremecaseswereexcludedfrom
the analysis.A �le wasconsideredasan extremecaseif
thecorrespondingerrorvalue" i doesnot satisfy

m" � 3s" � " i � m" + 3s" : (1)

Thevaluesof themeanandstandarddeviation wereactu-
alizedaftertheexclusionof such�les, andtheprocesswas
repeateduntil all �les satisfyequation(1).
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(a)WTVCG loopsusedfor multileadT endlocation::U1 n (dashedline)
is the bestline �t to the loop in I 1n (dots)andU2 n (solid line) is the
bestline �t to theloop in I 2n (circles).
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(b)ECG in orthogonalleads (X (k), Y (k), Z (k)), the correspondent
WT signals(W X

22 (k), W Y
22 (k), W Z

22 (k)) and the new derived signals
D 1n (k) andD gn (k) following thedirectionsof vectorsU 1n andU gn
(k 2 t1n ). Vertical dashedline standsfor the T endmark found in the
respective lead;solid line standsfor manualbasedreferencemark.

Figure2. Multilead delineationof theT end:Step1 (ini-
tial) andStepg=2(�nal step)

In Figure3 arepresentedthe valuesm" � s" found in
CSEdatabase�les for eachboundaryandafterexcluding
theextremecases(# �les consideredin eachcase)consid-
ering: multileaddelineationover eachleadset,SL using
[3] over eachavailableleador usingpost-processingrules
(k = 3 and � = 12 ms) over the 12 SL marks(SLR).
In Table1, togetherwith themultileaddelineationerrors,
is presentedtheresultingerroron theQT lengthmeasure.
For thesakeof comparison,only �les thatwerenoextreme
in all approacheswereconsidered(22 �les).

The bestperformanceis achieved by multilead delin-
eationover leadsetF, presentinglesserror biasanddis-
persionthanover theotherleadsets,andthanSL overany
leadby itself. Theerrordispersionof multileadover lead
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Figure3. Multilead delineationover eachVCG system
versusSL over eachof the 15 leadsavailablein the CSE
databaseandSLR. Extremecasesexcludedseparatelyfor
eachapproachand boundary(# �les consideredin each
case)

setF wassimilarto theobtainedby SLR,in spiteof amuch
higherbias. Multilead delineationover leadsetsM or D
performworsethatSL over leadX, but similar to thebest
of all the otherSL results. They presenthigherbiasand
dispersionthanleadsetF or SLR, with leadsetperform-
ing slightly betterthanM, onQT length.

Themultileadapproachproposedwasalsovalidatedin
thePTB databasePTBdatabase,in thecontext of thePhy-
sionet/CinCChallenge2006[4]. This databaseconsistsin
a setof 549 �les of morethan30 sec,with 15 leads(the
12 standardandthe3 orthogonalFrankleads),at 1000Hz
samplingrate.No referenceannotationswereinitially pro-
vided,but a datasetof manuallyannotatedQRSonsetand
T wave endmarkson this �les wasrecentlypublished[7].
Also, themedianof theentriessubmittedto theChallenge
in Division1 (manualor semiautomatic)wereprovidedby
theendof it. ThedetailsaboutChallengegoalsandrules
aredescribedelseherein this volume[5]. Brie�y thepar-
ticipantswere asked to, accordingto lead II, chooseon
each�le the�rst representative,nonectopicandnot noisy
beatandlocatetheQRSonsetsetandT waveend.

leadset QT onset QT end QT length
F 6:5 � 6:4 � 1:8 � 11:0 � 8:3 � 12:7
M 6:9 � 6:5 � 7:7 � 19:5 � 14:6 � 20:4
D 6:1 � 14:3 � 6:3 � 12:1 � 12:6 � 19:5

SLR 0:2 � 4:5 � 0:4 � 11:3 � 0:5 � 13:4

Table 1. Performanceof multileaddelineationover the
VCG systems(F, M or D) on CSEdatabaseversussingle
leadwith post-processingrules(SLR):m � s;ms Extreme
casesin oneapproachexcludedfrom all approaches.



reference[4] reference[7]
commonbeats

# 532 532 188
F � 10:4 � 24:8 � 12:9 � 25:8 � 11:3 � 18:3
M � 7:1 � 27:6 � 9:5 � 28:3 � 7:6 � 23:6
D � 10:0 � 25:8 � 12:4 � 26:7 � 8:6 � 26:4

SLR � 22:5 � 25:5 � 24:9 � 26:4 � 22:5 � 22:0

Table 2. QT length errors (ms) consideringmultilead
delineationover the VCG systems(F, M or D) on PTB
database: referencemarks obtainedas median manual
marksof thechallengeor medianmanualmarksof [7].

The requirementof using lead II hasno meaningin a
multileadbasedapproach.Insteadweconsideredthethree
VCG systemsandsubmitthemasdifferentapproachesin
Division 2 of the Challenge.The �rst beatfor which the
systemwasableto locatebothQRSonsetandT end,de�n-
ing andfollowing a normalRR interval is annotated.Re-
sults on lead set F constitutethe of�cial entry with a �-
nal scoreof 27.04. Other two non-of�cial entriescorre-
spondingleadsetsM andD werealsosubmitted,with �nal
scoresof 27.81and28.96,respectively.

The errorsin the QT length measureson the selected
beatswerealsocalculatedtakingasreferencethemedian
markssubmittedin Division1 of thechallenge[4] andthe
manualmarksof [7]. Resultsare presentedin Table 2.
The �les for which no normal, following a normal,beat,
with no importantnoisecontaminationwasfound in one
of the approaches(F, M, D or SLR) wereexcludedfrom
all approaches.Multilead over leadsetsF andD present
lower errorbiasandsimilar dispersioncomparedto SLR,
while leadsetM haslowerbiasbut higherdispersion.

As only the selectedbeatsare annotated,there is no
guaranteethan the samebeatis being consideredby the
automaticapproachesandreference.In thelastcolumnof
Table2 aretheresultsconsideringonly thecasesfor which
thesamebeatwasannotated(commonbeats),considering
thereferencein [7], for whichbeatinformationexists.For
themedianmanualmarksof thechallengeno information
is availableaboutthechosenbeat.Consideringexactly the
samebeatsthehigherperformanceof themultileadusing
leadsetF becomesquitenotorious.

4. Conclusions

The automaticdelineationsystemproposedallows to
dealwith multiple leadsandtakesadvantageof theiravail-
ability. Multilead delineationover recordedFrank leads
presentsbetterperformancethansingleleaddelineationof
any leadby itself. Thus,it hasadvantagesover any pos-
sible choiceof a particular lead. This approachclearly
outperformssingleleadover 12 leadsplus decisionrules

in the PTB database,both in error bias and dispersion.
Oneshouldnotethat thereferencemarksarewith respect
to lead II only and thus someof the bias can be due to
the lead used. The higher error bias found in the CSE
databaseshouldbe further exploredandcorrected,possi-
bly by changingthethresholdbasedcriteria.Multileadde-
lineationover leadsderivedusingDower matrix performs
worsethanover Frankleads,but still with acceptablere-
sults.Multileaddelineationover leadsetD is thenanalter-
nativein thecaseof unavailability of recordedFrankleads.
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